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SUMMARY 


The main objective of the program is to evaluate the 
concept of bottoming cycle to heavy duty transport diesel 
engine applications. For that objective, following 
sub-objectives are set under this program. 

- Develop conceptual design and cost data for a 
Stirling bottoming cycle system, 

- Life-cycle cost evaluations of three bottoming 
systems: Organic Rankine, Steam Rankine, and 
Stirling cycles. 

- Suggest future directions in waste heat utilization 
research. 

For the Stirling bottoming cycle, MTI, Albany, N.Y. 
completed the study under the ground rule that the system 
only utilized "state of the art" technology. A 
conceptual design of a system which would fit in a 
"cab-over" type truck was developed and manufacturing cost 
estimates for the system were performed. 

In addition to the above work on the Stirling system, 
Adiabatics Inc. and Stig Carlqvist of CMC Aktiebolag 
studied a new Stirling system called "high temperature 
combined cycle". Results of the "high temperature 
combined cycle" indicated that its combined thermal 
efficiency could reach 51%, similar to the diesel engine 
with a Rankine bottoming cycle. However, the system 
requires extremely high temperature materials and 
lubricant which are well beyond the current technology. 
Furthermore, a regenerator is required to recycle 
exhaust-gas heat into the intake air. Therefore, the 
improvement is considered too small for the risk factors 
involved in developing the system. 

The above Stirling system study, particularly the work 
by MTI, completed the conceptual design phase of the 
bottoming cycle evaluation based on the life-cycle cost 
analysis. For steam- and organic-Rankine systems, 
results of the studies made by Foster-Miller and Thermo 
Electron respectively under a previous DOE/NASA program 
were used. Variables considered are initial capital 
investments, fuel savings, depreciation tax benefits, 
salvage values, and service/maintenance costs. Fuel 
savings are based on the truck mileage improvements 
calculated with the Cummins VMS (Vehicle Mission 
Simulation) computer code. All bottoming systems are to 
be used with advanced "adiabatic" engines. Comparisons 
were made against a turbocompound engine, seriously 
considered as a way to improve fuel economy for heavy duty 



truck applications. 


The turbocompound/aftercooled (TCPD) engine would 
provide a 18 to 19% IRR (Internal Rate of Return) 
investment opportunity for truck owners. However , 

currently none of the three bottoming systems studied are 
even marginally attractive. Manufacturing costs of the 
systems have to be reduced by at least 65% in order to 
become competitive against the TCPD engine. A new 
innovative approach is required for any bottoming system 
to be applied for heavy duty truck engines. 

As such a system, an integrated Rankine/ Diesel system 
was proposed. The system utilizes one of diesel 
cylinders as an expander. This would eliminate the need 
for the power transmission devices required for all 
conventional bottoming systems. Control requirements 
would be less. Another aspect of the proposed system is 
the capitalization of in-cylinder heat loss which is quite 
substantial for the "adiabatic" engine. The concept 
reduces the size of the exhaust evaporator. 

Conceptual design of the system and a rough economic 
evaluation were made. Results indicate the system has a 
potential to become an attractive package for end-users, 
giving approximately a 20% IRR at the fuel cost of 
$1. 25/gallon. 

The study was intended for a rough evaluation of the 
concept and optimization of the system was not performed. 
Further optimization is possible by eliminating/combining 
some of the concepts built in the current design. 
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I. INTRODUCTION 


The main objective of this waste heat utilization 
study is to evaluate the economic feasibility of the 
bottoming cycle concept to heavy duty truck engine 
applications. There are several bottoming cycle 
candidates which provide a good fuel economy improvement 
and should be evaluated under the study. Currently, 
Rankine, Brayton, and Stirling cycles fit the 
qualification. 

In 1985, M. M. Bailey of NASA Lewis reported a 
comparative evaluation of three alternative bottoming 
power cycles (ref. 1) . Alternatives studied were steam 
Rankine, organic Rankine, and an air Brayton cycles. 

The study was made under the following ground rules: 

- Base engine is an N Adiabatic N turbocharged diesel. 

- Engine output is 350 HP. 

- Concepts for bottoming cycle systems only use 
"state of the art" technology (1985 - 1987 time 
period) . 

Results indicated that the Rankine cycles were 
substantially better than the Brayton cycle in terms of 
the payback to truck owners. The Stirling cycle was not 
included due to the lack of a conceptual design of the 
system at that time. 

Under this program of which the major object is to 
complete the study initiated by Bailey, following tasks 
were set: 

1. Development of conceptual design and cost data for 
diesel/ Stirling system, 

2. Life-cycle cost evaluation of three bottoming 
systems; Organic Rankine, Steam Rankine, and 
Stirling cycle. 

3. Preliminary evaluation of a new integrated 
Diesel/Rankine system. 

Under the task 1, two concepts were evaluated. One 
is to follow the ground rules outlined above. This 
concept would complete the Bailey's comparison study. 

The other concept is to use much more advanced 
technologies including new materials and lubricants. 
Therefore it can not be compared to other bottoming 
systems being evaluated here. However, this study was 
included because it was believed that a new approach to 
the bottoming cycle concept would be needed to make it 
economically competitive against the turbocompound engine. 
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The task 3 was an addition to the original program. 
Based on the evaluation study of task 2, a new concept to 
integrate a diesel engine with a Rankine bottoming system 
emerged. Here, a preliminary conceptual design/analysis 
was made on the system. 


II. DIESEL STIRLING SYSTEM STUDY 


1. "STATE OF THE ART" TECHNOLOGY 

This portion of the study was performed by Mechanical 
Technology Incorporated, Latham, N.Y. Details of the 
study is described in a MTI report "MTI 87SESD33" (Ref. 

2 ) . 


1.1 SCREENING OF COMPOUND ENGINE CONFIGURATIONS 

There are many types of mechanical drive arrangements 
for a Stirling engine such as crank/connecting rod, 
rhombic drive, wobble plate, and free piston/hydraulic 
converter. After a brief review of the arrangements 
based on complexity, durability, performance, size, and 
weight; three basic configurations are selected for 
further examination. They are a connecting rod with 
crosshead concept, which is represented by the RESD V-4 
(MTI automotive Stirling engine) , a double-acting, 
four-cylinder "V" configuration; the SAV-4, a 
single-acting, pressurized crankcase concept; and a 
FPSE/hydraulic converter concept. 

1.1.1. RESD V-4 Engine Concept 

A cross section of the RESD V-4 is shown in Figure 
2-1. Coolers and regenerators in this engine are 
arranged in an annular configuration about the piston, 
thus minimizing the number of pressurized parts in the 
engine, particularly the heater head castings. The 
working gas is sealed from ambient pressure at the piston 
rod seal. The rod seal utilizes a type of sliding seal 
known as a pumping Lenningrader (PL) seal. Main 
bearings are oil-lubricated rolling element bearings, and 
the connecting rod/crosshead assembly is of conventional 
design. The engine is based on the technology developed 
under the Automotive Stirling Engine (ASE) program and is 
supported by eight years of testing on Mod I and P-40 
Stirling engines. 

It is the most compact engine of the three concepts, 
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and has advantages of smooth torque output and good 
manufacturability. Disadvantages of the engine are 
associated with the life of the piston rings and sliding 
rod seals. Currently, the design life for these items is 
around 3,500 - 5,000 hours. 

A parametric study on the performance of the engine 
was performed to understand the effect of Stirling exhaust 
temperature and engine speed. As shown in Figure 2-2, 
the power recovery maximizes in the exhaust temperature 
range of 700-900° F (i.e., heater head temperature of 
600-800° F) for 2,000 rpm Stirling engine speed. 

Considering the fact that the size and weight of the 
engine increase with reducing exhaust gas temperature, the 
optimum temperature is determined at around 800? F. It 
would give a Stirling power recovery of 30-31 hp with a 
turbocharged engine as a base. 

1.1.2. Single-Acting v-4 (SAV-4) Engine Concept 

The concept uses single-acting pistons as shown in 
Figure 2-3. Two cylinders are used as compressors and 
the other two act as expanders. Therefore, during one 
revolution of the crank, two power strokes take place, 
unlike four power strokes for the double acting four 
cylinder engines. In an attempt to eliminate the use of 
sliding seals, this concept utilizes a pressurized 
crankcase with rotary oil lubricated seals for sealing the 
crankshaft. Piston rings seal between the cycle pressure 
variation and the cycle mean pressure in the crank case. 
Connecting ducts between the top of pistons and the bottom 
of other pistons used for the double-acting engine are 
eliminated. This would minimize the dead volume and 
improve the engine performance. 

A dry- lubricated design is required between piston/ 
cylinder liner. Sealed grease- lubricated, rolling 
element bearings are used at both ends of connecting rods. 
The oil lubricated face seals are located outside of the 
engine and isolated from the crankcase by "lip seals" 
which do not experience any pressure differential. The 
advantages of the SAV-4 engine include the overall 
simplicity of the design, a heater head configuration well 
suited for the bottoming cycle application, and a seal 
location easily accessible for maintenance. 

A performance analysis was made for the SAV-4 engine 
as well. Results are similar to the RESD engine, except 
an improvement in power recovery (10% v. 11.5% in BSFC 
improvement at the rated condition) . The parametric 
performance curves are similar to the RESD results. 
However, the SAV-4 is significantly heavier than the RESD 
V-4, mainly due to the inherent nature of the single- 
acting v. double-acting concept. 
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There are several technological unknowns associated 
with this concept.- The life of the rotary seal is not 
well understood as is the problem of hydrogen diffusion 
through the lubricating oil. The dry- lubricated piston 
concept is also a major source of uncertainty. 

1.1.3. FPSE/Hydraulic Transmission 

The engine is similar to that shown in Figure 2-4, 
except that no combustor is required and that the linear 
alternator in the figure would be replaced with a 
hydraulic transmission. The engine would use a tubular 
heater head with an annular regenerator and an cooler. 

The hydraulic transmission utilize metal bellows or a 
metal diaphragm to pump a hydraulic fluid. The 
high-pressure fluid then drives a hydraulic motor to 
produce a shaft power. The advantage of this approach is 
that the Stirling engine is essentially decoupled from the 
diesel operation, i.e., Stirling engine speed is 
independent from the diesel speed and its location is not 
restricted by the location of the diesel crankshaft. 

The engine is hermetically sealed and usage of any sliding 
or rotating seals are minimized. However, the use of 
the hydraulic transmission/motor significantly increases 
the complexity of the system since a hydraulic circuit 
would require valves, accumulators, and many more 
components . 

Overall, the FPSE had several potential advantages 
with regard to long life and flexible operation; however, 
the state of development of the engine is several years 
behind that of kinematic Stirling engines, and the size 
required for this application, 25-30 KW, is clearly larger 
than any existing FPSE under development today. 

Performance of the FPSE was analyzed and the results 
are shown in Figure 2-5. It was optimized at the engine 
speed of 2,500 rpm to be compatible with its hydraulic 
system and the heater head temperature was set at 700°F 
based on the HTI's previous experience. Efficiencies for 
hydraulic pump and motor were assumed to be 97 and 95% 
respectively. BSFC improvement of 8.58% was achieved 
with the system. 

1.1.4. Summary of Concept Evaluations 

In addition to the performance discussed in the 
previous section, maintenance and manufacturing costs for 
each system were estimated. The results are shown in 
Tables 2-1 through 2-3. The overall comparison of the 
three systems is summarized in Table 2-4 in terms of 
several factors as performance, maintenance and 
manufacturing costs, and size. It appears that the RESD 
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V— 4 is the best choice for bottoming cycle applications 
based on technical maturity, performance, and 
packagiability . 


1.2 Detailed Analysis/Conceptual Design 

After the basic configuration was selected, the 
integration of the system with the diesel was evaluated 
more in detail. The space available for packaging the 
Stirling bottoming system was one of the first issues 
addressed. Heater head design optimization was 
performed next. The optimization included the comparison 
of single-stage v. double-stage arrangement as well as 
redesigning of the heater head to improve performance. 

A brief summary of the work is described below. 

1.2.1 Engine Size 

The available packaging space around the diesel in a 
heavy-duty truck is very limited. Using the "cab-over" 
truck configuration in mind, the space was determined and 
is shown in Figure 2-6. The RESD engine used for the 
preliminary screening study was found to be significantly 
larger than the space available for the system. The MTI 
Mod II engine being developed for the automotive 
application, on the other hand, is smaller than the RESD 
V-4 engine (approx. 30%) and fits in the space. 

Therefore, it was decided to use the Mod II ASE engine for 
this program. A benefit of development a Stirling 
bottoming cycle based on the ASE is that the use of the 
existing technology would minimize the cost of development 
as well as any technical barriers for the introduction of 
the engine. 

1.2.2 Single-Stage v. Double-Stage Power Recovery 

Performance was analyzed using both a single-stage 
operation and a double-stage operation over the Stirling 
engine speed range. The analysis involved detailed heat 
transfer calculations between the diesel exhaust gas and 
the heater head metal as well as that between the heater 
head metal and the working fluid. Heat transfer 
coefficients used for the analysis are based on data 
developed by MTI during rig testing of heater head 
segments (Ref. 3). Results are shown in Figure 2-7. 

As shown in the Figure, performance difference is not 
significant for this particular size engine and operating 
conditions. Therefore, a single-stage operation was 
considered for this study. The net performance 
improvement of the Mod II size engine was found to be 
7.25%. 
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1.2.3 Heater Head Redesign 

In order to improve the performance of this bottoming 
system, following engine modifications were considered: 
simplification of the heater head design by incorporating 
a individually tubed heater head instead of the four 
manifold arms used in the ASE engine, and increase in the 
heater tube length. 

Elimination of the complex heater heat castings would 
provide: 1. cost reduction, and 2. the cycle performance 
improvement due to a reduction in the dead volume. 

The effect of the increase in heater tube length is 
significant as shown in Figure 2-8. However, if the 
length is increased more than a twice of the current 
design, flow losses in the heater tubes would negate the 
improvement and output would be reduced. The new heater 
head design is shown in Figure 2-9. 

Each heater head will utilize 30 U-shaped heater tubes 
arrayed around each heater head. The tubes are finned 
only on the rear row and the fin spacing is a 0.5 mm 
(0.022 in.). The detailed heat transfer in the heater 
head area is studied further by using a two-dimensional 
computer program for a single-row tube heat exchanger with 
plate fins (MTI's FIN2D program). The analysis indicates 
the tube configuration described above will provide a heat 
transfer capacity of well above 80 KW required at the 
design point for this application. 

1.2.4 Other Engine Modifications 

The drive system will be essentially the same as the 
Mod II except that the hydrogen compressor will not be 
required for this application, since the engine will 
operate at a constant pressure. However, because of the 
leakage associated with the static and sliding seals, a 
hydrogen makeup tank will be required. A four-liter 
hydrogen storage bottle will be used and be recharged 
every six months. A cross section of the cold engine 
drive system is shown in Figure 2-10. 

The overall mounting of the Stirling engine, including 
the power coupling is shown in Figures 2-11 and 2-12. As 
shown, the flywheel housing of the diesel is moved aft by 
approximately 1.5 inches to add an intermediate spacer/ 
chain cover. The Stirling engine itself is mounted on 
two brackets, one of which is supported by the flywheel 
housing and the other by the transmission casing. The 
power coupling incorporates a simple direct chain drive 
with torsional isolators and an electric clutch. The 
chain is a commercially available 1.5-in. "silent" chain. 
Since the rated speed of the diesel is 1,900 rpm, the 
drive ratio is nearly 1 to 1 (20:19). The electric 
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clutch will allow the Stirling engine to be disconnected 
either for heater head cleaning or during starting or 
extended idling of- the diesel. It also allows 
disconnection of the system in the event of a system 
malfunction. The clutch would be actuated by a 
thermocouple on the Stirling heater head. Thus at 
temperatures below the Stirling self-sustaining point 
( "350°F) , the Stirling would not create a parasitic loss 
on the diesel. 

Control of the Stirling bottoming system is simpler 
than the Stirling engine control required for the 
independent system. The engine pressure will remain at a 
fixed level set by a pressure regulator on the hydrogen 
makeup tank. During a "down-throttle" of the diesel , a 
"short- circuit" valve on the Stirling would connect the 
engine cycles such that the pressure-waves in cycles 180° 
out of phase cancel, reducing the output power 
instantaneously . 

The Stirling engine will reject approximately 53 KW of 
heat at the design point. Thus it requires a water pump 
and a radiator similar to a conventional automotive one. 
The pressure drop of the diesel exhaust gas through the 
system is estimated to be on the order of 10 to 12 inches 
of water. 

1.2.5 Summary of Conceptual Design/Analysis 

The Mod II design was chosen as a final configuration 
for this study. The system will fit in the envelop 
available in a cab-over truck. Performance of the system 
under various engine operating conditions are shown in 
Table 2-5. At the diesel engine rated condition, it 
improves the BSFC of 9% for a turbocharged engine. 

Figure 2-13 shows BSFC improvement v. diesel engine load 
for 1300- and 1900-rpm operations. 


1.3 MANUFACTURING/MAINTENANCE COST ESTIMATES 
1.3.1 Manufacturing cost 

MTI developed cost estimates for the bottoming cycle 
system based on a production rate of 10,000 units per 
year. It utilized the estimate prepared by the Pioneer 
Engineering and Manufacturing Co. for the Mod II ASE 
engine. The original MTI estimate was $1,789 which 
represents a "matured" manufacturing costs (ref. 2). 
Cummins estimated the cost to be at $2,281 which 
represents a 70% of the estimated manufacturing costs 
based on the Mod II drawings (See Appendix 1) and is 
supposed to be the matured costs. 
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The difference between the two estimates are due to; 

1. labor rates used, 2. the manufacturing method assumed 
to be used for the system, and 3. quality of components 
used for the system. Cummins used a labor rate close to 
a $70/hour, while MTI assumed a rate of $30 to $35/hour. 

As for the manufacturing method. Pioneer's estimate is 
based on the use of capital intensive processes. This 
may be justifiable, if the Mod II ASE engine is a reality. 
The Cummins estimate, on the other hand, is based on a 
much less capital intensive method of manufacturing. 

Since Pioneer's estimate is for the automotive 
application, the components are all automotive quality 
parts. However, items such as the radiator required for 
our application are quite different from the automotive 
application. Therefore, Cummins' estimate was based on 
components of industrial quality. 

Since all the bottoming cycle systems studied under 
this program are evaluated by the Cummins approach and 
also the ASE engine is still quite uncertain, the estimate 
made by Cummins will be used for the economic comparison 
of those bottoming systems. 

1.3.2 Maintenance Costs 

MTI estimated service/maintenance costs based on 
scheduled periodic overhauls, yearly general maintenance, 
and operator capital costs. The scheduled periodic 
maintenance is associated with major engine overhaul that 
will be required at 5,000-hour intervals for seal/ring 
replacement, as well as replacement of bearings and other 
renewable items. During the 7-year period (14,000 
hours) , two engine overhauls will be required and its 
yearly cost was estimated to be at $135.63 per year. 

The yearly general maintenance of the engines cover 
such items as oil change, cooling fluid replacement, 
hydrogen recharging and other general maintenance. It 
was estimated to be 5% of the retail engine cost per year 
and, based on the MTI price, is $179/year. (Based on the 
Cummins cost ($4,562), it is $228/year) The last item, 
operator's capital, represents the capital investment by 
fleet operators to install support equipment and to train 
personnel. It is based on a 25-vehicle fleet and a 
5-year recovery of the capital investment. The result 
was $116/year. 

Total service/maintenance cost became $43 1/year by MTI 
cost and $4 80/ year with Cummins cost. Both figures, 
however, are based on the MTI assumptions. Cummins also 
made the estimate and obtained different numbers as shown 
in the later chapter of this report. 
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1.4 CONCLUSIONS FOR THE STIRLING SYSTEM WORK 

A conceptual design for a Stirling bottoming cycle system 
has been performed. The engine meets the packaging 
requirements of the heavy duty truck application and 
provides a 9% fuel savings over a baseline turbocharged 
adiabatic engine. No serious technical barriers can be 
foreseen for the system, though it still requires a 
limited amount of development in the areas such as heater 
tube fouling/cleaning, development of long-life 
seals/piston rings, and confirmation of the control 
approach. 


2. HIGH TEMPERATURE COMBINED DIESEL/STIRLING CYCLE 
This portion of the study was performed by the 


following subcontractors: 

i) Preliminary Analysis CMC Aktiebolag 

ii) Conceptual Design CMC Aktiebolag 

iii) Computer Cycle Analysis Adiabatics Inc. 


Details of the study are described in a final report by 
Adiabatic Inc. (ref. 4) 

A schematic of the concept is shown in Figure 2-14. 
Since the high exhaust gas temperature is critical for the 
performance improvement of any bottoming systems, the 
concept utilizes a heat recirculation from exhaust gas to 
intake air so as to obtain a extremely high exhaust gas 
temperature. A T-S diagram of the cycle is shown in 
Figure 2-15. 


2.1 Preliminary Analysis 

A preliminary thermodynamic calculation was made by 
using the T-S diagram shown in Figure 2-15. In the 
figure, combustion process is divided into three parts. 

Cl, C2 , and C3 which represent constant volume, isothermal 
and decreasing temperature expansions respectively. 
Expansion process is also separated into three parts as 
isothermal, decreasing temperature, and adiabatic 
expansion processes. STH is the part where the heat is 
extracted into the Stirling bottoming system. 

Some of the assumptions made for the study are: 
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- In-cylinder conduction heat loss is assumed to be 5-8% 
of total fuel energy. 

- Stirling engine efficiency is 40%. 

- Mechanical efficiency of the diesel engine is 90%. 

- Turbocharger overall efficiency is assumed to be in a 
range of 65-66.6%. 

- Combustion gas dissociation effect is not taken into 
the consideration. (Variations in Cp/Cv with temperature 
and air/fuel ratio are assumed to be linear.) 

- Peak cylinder pressure limit was set at 2,500 psi. 

The results of the calculation by S. Carlqvist are 
shown in Figure 2-16 and table 2-6. It indicates that 
the total system efficiency obtainable with the concept is 
60.5%. However, as shown in the table, there is a large 
error in the heat balance between the heat input to the 
engine and the total heat out from the engine including 
the diesel shaft output and the heat to the Stirling 
system (Total output is 24% higher than the heat input, 
602.7 vs 747.4.). This is primarily due to wrong values 
used for Cp during the cycle calculation. Therefore, the 
final result is not considered to be accurate. 

If, instead of increasing the heat input as done by S. 
Carlqvist, the output from the diesel was decreased in 
order to balance the energy, resulting thermal efficiency 
becomes 53.6%, much smaller than the 60% shown in the 
figure and closer to the computer simulation result 
described in the next section. 

2.2 Conceptual Design 

Conceptual designs at several levels of integration 
were proposed. Unlike the MTI Stirling design, there was 
no space limitations imposed for this study. Figures 
2-17 and 2-18 show the layouts of semi- integrated systems, 
while Figure 2-19 depicts a fully- integrated system. 

2.3 Computer Simulation 

Performance evaluation of the TSA-cycle was made with 
a use of a diesel cycle simulator by Adiabatic Inc. In 
order to calibrate/ evaluate the simulation program, 
calculations were made on a Cummins L-10 turbocharged 
aftercooled engine case with the simulator and results 
were compared against actual engine data obtained by 
Cummins. After the accuracy of the computation was 
assured, the TSA-cycle calculation was made. Results of 
the calculation are shown in Table 2-7 and Figure 2-20. 
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The overall efficiency of the TSA-cycle is 50.7%. 

Since the base turbocharged "adiabatic" engine has an 
efficiency of 43%, -the fuel economy improvement with the 
TSA-cycle is 17 to 18%, slightly higher than the steam 
Rankine cycle which shows the 16% BSFC improvement. 
Combination of the TSA-cycle with a turbocompound engine 
was also evaluated. However, the thermal efficiency did 
not improve. 

2.4 Conclusions on the TSA-cycle Study 

As mentioned before, the fuel economy improvement with 
the system over the baseline engine was only slightly 
better than the steam Rankine cycle. However, there are 
many technical obstacles, such as high temperature 
materials/lubricants, to be overcome before this system 
can be produced. The material temperature is extremely 
high, even way above some of the ceramic material • 
capabilities. Therefore, it was concluded that the 
system was not worth pursuing any further, unless much 
higher pressure capabilities can be established such that 
the efficiency improvement can become significantly higher 
than the conventional bottoming systems. 
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III. COMPARATIVE EVALUATION OF THREE BOTTOMING CYCLES 


With the information on the Stirling bottoming cycle 
available, the task of comparing bottoming cycles was 
initiated. The cycles evaluated and subcontractors who 
performed the conceptual design/performance analysis for 
each system are as follows: 

- Stirling cycle . . . MTI 

- Organic Rankine cycle ... TECO (Ref. 5) 

- Steam Rankine cycle ... Foster-Miller (Ref. 6) 

The analysis was made based on a life cycle costs/ 
benefits to end-users. Variables considered for the 
analysis are: 

- Initial Capital Investment 

- Future Incomes/Expenses 

. Income: Fuel Savings 

Depreciation Tax Benefits 
Salvage Value of the engine 

. Expenses: Service/Maintenance Costs 

Operational/economic assumptions made for this 
analysis are tabulated in Table 3-1. As shown in the 
table, sensitivity analyses were made for different oil 
prices and base truck fuel mileage. 


3.1 FUEL ECONOMY EVALUATION 

Instead of using the steady state rated condition to 
represent the fuel economy improvement, the Cummins 
Vehicle Mission Simulation (VMS) program was used to 
evaluate the improvement in truck mileage with bottoming 
cycles. Three routes are considered for the study. 

Those are: Reno-Sacramento, Indianapolis-Chicago, and 
Columbus-Louisville-Cincinnati-Columbus. The first one 
represents the most hilly case and the second is one of 
the flattest route in this country. The last one is more 
or less a mixture of hills and flat routes and is 
considered as a standard route which represents a typical 
truck route in this country. 

For obtaining the truck mileage improvement, following 
procedure was used: 

- First, the VMS simulations were run one time for 
each of the three cases. The results would give 
percentages of time spent for different engine operating 
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conditions for the three routes. 

- Engine performance maps for different engine 
configurations were obtained by using the diesel cycle 
simulation program and by predicting power recovery 
through various bottoming systems for different exhaust 
gas conditions. 

- The maps were divided into several areas such that 
the truck mileage would be estimated by combining the maps 
and the VMS results. 

As shown in Table 3-2, the organic Rankine system 
gives the best improvement, while the Stirling system is 
the worst. The performance improvement is better on the 
hilly route than on the flat one. For our comparison 
study, the results with the "mix" route were used. The 
reason for the poor performance of the Stirling system is 
illustrated in Table 3-3. The system relies on the high 
heater-head temperature to obtain a high power conversion 
efficiency. Because of its inherent characteristic, 
however, high heater-head temperature means high 
temperature of the Stirling exhaust gas which, in turn, 
reduces the efficiency of the energy extraction from the 
diesel exhaust gas. 

Figure 3-1 shows the comparison in performance for 
various bottoming systems. 

3.2 MANUFACTURING COST ESTIMATES 

Since actual hardware for the organic Rankine system 
were available at TECO from the previous DOE program, the 
manufacturing cost estimates were made on that system 
first. Observation of actual hardware and drawings were 
utilized for the evaluation and detailed results are shown 
in Appendix 2. For the steam system, the estimate was 
made by comparing components with the organic system. 

Most of components are similar between the two systems, 
except the organic cycle uses a turbine type of expander 
with a rated speed of approximately 20,000 rpm. The 
steam system uses a two-cylinder reciprocating expander 
with a rated speed of 2,000 rpm. Detailed study for the 
steam system is seen in Appendix 3. 

Table 3-4 compares manufacturing costs for the three 
systems. Estimates by subcontractors were used for vapor 
generators of Rankine systems. The vapor generator of 
the organic system is more expensive than that of steam 
system due to mainly a by-pass mechanism required for the 
organic cycle to prevent over-heating of the fluid. 

The reciprocator type steam expander costs more than the 
turbine expander used for the organic system. In 
summary, organic system's cost is the highest at $4,938 
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and steam Rankine costs second at $4,199. The Stirling 
cycle system cost is the lowest of all at $3,258. The 
figure is quite different from the one made by MTI as 
mentioned in a previous section. Figures for Rankine 
systems presented here, however, turned out to be close to 
those made by subcontractors in 1983. 

All the cost figures are estimated from the current 
designs for each system. Considering the effect of the 
"learning curve", the costs were reduced by 30% to project 
"matured" costs of the systems. Figures for the 
matured costs are shown in the parentheses. The 
"matured" costs were used for the economic analysis in 
Section 3.4. 

Output levels differ among engines with the three 
different bottoming systems due to the difference in power 
recovery. Therefore a correction was made on the 
manufacturing costs for a same output level (§350 HP) 
based on the "0.7-power law" correlation developed by 
Bailey for his analysis. 

Actual prices which end-users have to pay for the 
bottoming cycles include mark-up by engine makers and 
OEMs. The mark-up changes depending on many factors 
including the entire economic situations and type of 
engines. Therefore it is difficult to pinpoint a certain 
number for the mark-up value. Based on inputs from 
Cummins marketing area and also from a OEM, the total 
mark-up was set to be at 100%. Thus the manufacturing 
costs were multiplied by 2 to obtain final prices for the 
end-users . 

Final price figures are listed in Table 3-5. As seen 
in the table, difference in price among the bottoming 
systems becomes much smaller by the constant output 
comparison. 


3.3 SERVICE/MAINTENANCE COSTS 

Two different sources were used to determine service/ 
maintenance costs, namely a Cummins 7-year maintenance/ 
repair contract and service data accumulated for routine 
servicing/maintenance costs. Based on the data, 
following estimates are made: 

- Regular Semi-Annual Inspection 6 Service 

3% of Equipment Original Price/100,000 miles 

- Other Services 

7% of Equipment Price/100,000 miles 

- Variable Element of Maintenance/Service 
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(Major overhaul and turbo replacement, etc.) 

50% of Equipment Price/500,000 miles 

Therefore, the total annual service/maintenance cost 
was assumed to be a 20% of original equipment price. 


3.4 ECONOMIC EVALUATION 

Based on the various economic data generated above, a 
comparative evaluation of the systems was made by using 
IRR (Internal Rate of Return) as a measuring criterion. 

A summary of the manufacturing and maintenance costs to 
be used for this study is shown in Table 3-6, along with 
the estimates made by each subcontractor for its 
respective bottoming cycle system. 

Results are shown in Figures 3-2 through 3-5. In 
Figure 3-2, IRRs for bottomina systems including a 
turbocompound/a ftercooled engine are shown with fuel price 
as a parameter. A core-engine for this figure is a 
turbocharged/aftercool ed engine. As seen in the figure, 

IRRs for bottoming cycles are all less than 10% while that 
for the turbocompound engine shows a above 20% return with 
a fuel price of $1. 00/ gallon. The best system is the 

Steam Rankine system. But it, too, won't be attractive 
unless fuel price goes over $1. 50/gallon level. The 
result is based on 'the truck fuel economy of 8 
miles/gallon. As shown in Figure 3-4, the net present 
value of the steam Rankine system becomes positive at a 
above 15% cost of capital level if the base truck fuel 
economy is below 6 miles/gallon. The better the base 
truck fuel economy is, the harder it is for any bottoming 
cycle systems to be used commercially. Due to future 
improvement on the base truck designs, the 8 miles/gallon 
assumption for the fuel economy is reasonable. 

Figures 3-3 and 3-5 show similar comparisons as 
Figures 3-2 and 3-4, with a turbocompound engine rather 
than a turbocharged engine as a base. They will show us 
a comparison of systems when we have an option to buy 
either a turbocompound engine or another engine with a 
bottoming cycle system. From the figures, it is clear 
that the turbocompound engine is well superior to 
bottoming cycle systems unless fuel prices start to soar 
above $1. 75/gallon levels. And even at a $2. 00/gallon 
level, only the steam Rankine system becomes attractive 
and Stirling and Organic Rankine systems won't be 
feasible. 

As a final analysis, calculations were made to obtain 
a system price of each bottoming system which would be 
competitive against the turbocompound engine. The 
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results are shown in Table 3-7. For the study, fuel 
economy improvement with each bottoming system is assumed 
to be the same as the current system. As shown in the 
table, more than 35% cost reduction is required for the 
steam system to be competitive to the turbocompound 
system. Other systems require much higher cost 
reductions . 

3.5 CONCLUSIONS OF COMPARATIVE EVALUATION 

Based on the above analysis, following conclusions are 
made: 

- Using a life-cycle costs/benefits concept model, an 
economic evaluation was made on three bottoming cycle 
systems and on turbocompound system. 

- Assuming that fuel economy improvement with 
turbocompound engine (TCPO) is 6% over the baseline 
turbocharged/aftercooled engine and fuel cost is 

$1. 00/gallon, TCPD system would provide a above 20% IRR 
investment opportunity. However, the system still 
required more than two years of payback period. 

- None of the three bottoming cycle systems are even 
marginally attractive, unless diesel fuel price becomes 
close to $1. 75/gallon. 

- Manufacturing costs for bottoming systems have to be 
reduced, at least 35%, in order for them to become 
competitive against the TCPD engine in terms of return in 
investment. 

Above results indicate that bottoming cycle systems as 
they are designed now will not be economically feasible 
for a foreseeable future, unless a totally different 
approach is introduced to reduce its cost substantially. 

As a new approach of making a bottoming system attractive, 
an integrated Rankine/diesel system concept has emerged. 
The concept will be analyzed and evaluated in the next 
chapter. 
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IV. INTEGRATED DIESEL/RANKINE SYSTEM 


A schematic of the new integrated diesel/rankine cycle 
is shown in Figure 4-1. It utilizes one fluid for engine 
cooling as well as for a Rankine cycle. Thus the need 
for an additional radiator is eliminated. In addition, 
the size of the vapor generator required in the exhaust 
system can be reduced due to the fact that the working 
fluid picks up heat energy through the engine cooling 
before it reaches the vapor generator. This is am 
important factor from the cost point, since the vapor 
generator cost is one of the major items of the total 
manufacturing cost. 

In this chapter, a thermal analysis of the 
diesel/Rankine system is described. Based on the 
available heat, a selection of a working fluid and a 
Rankine cycle optimization were made. Finally, a 
conceptual design of the system was proposed and a 
economical evaluation of the system was made. 


4.1 THERMAL ANALYSIS OF THE ENGINE SYSTEM 

Figure 4-2 shows passages for the working fluid. As 
shown later, steam was selected as a working fluid for 
this analysis. A total of 17.84 lbs/min of water would 
circulates through the condensor/ radiator. The flow 

rate for the Rankine cycle is approximately 6.0 lbs/min. 
Thus at the rated condition, the flow of 12 lbs/min would 
just circulate through the oil cooler and the radiator 
only. For this analysis, the steam pressure was assumed 
to be 1,000 psi. As shown later, the pressure can be 
lowered to 500 psi with only a slight loss in the cycle 
efficiency. Amount of heat to be collected by the 
working fluid through various part of the engine is shown 
below. 


Oil cooler: 

To - Recirculating Water 
- Rankine Working Fluid 


2304 Btu/Min 
1652 Btu/Min 
652 Btu/Min 


Cylinder Head: 


1130 Btu/Min 


Exhaust Manifold: 


357 Btu/Min 


Exhaust Stack Boiler: 


5250 Btu/Min 


Total Heat to Working Fluid: 7389 Btu/Min 

Due to the heat energy collected through the engine 
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cooling, the heat transfer at the vapor generator is 
reduced by approximately 30%. This reduction would be 
reflected in the size of the vapor generator. Here the 
oil temperature going into the oil cooler was assumed to 
be 374' F. If a lubricant which has a higher temperature 
capability can be developed , then the reduction can be 
much higher. 

Physical conditions of the steam at different points 
of the process are shown below: 



Temperature 
(• F) 

Pressure 

(PSIA) 

Radiator/Condensor Outlet 

236 

30 

Water Pump Outlet 

236 

95 

Oil Cooler Outlet 

362 

95 

High Press. Feed Pump Outlet 

362 

1000 

Cylinder Head Outlet 

544 

1000 

Boiler Inlet (11.5% Steam) 

544 

1000 

Boiler Outlet (100% Steam) 

950 

1000 


4.2 FLUID SELECTION AND OPTIMIZATION OF RANKINE CYCLE 

The task of selecting the working fluid for the system 
was granted to Argonne National Laboratory based on their 
past experience on the subject. Dr. R. Cole selected 
water and toluene as two candidates from several possible 
working fluid candidates. Table 4-1 shows 
characteristics of various organic rankine cycle fluids. 
Reasons for selecting the above two fluids are described 
in the attached Argonne report (Appendix 4). 

Cycle Analysis/Optimization 

Thermodynamic analysis was performed for the following 
four cases: 

1. Steam at 1000 PSI pressure as a working fluid 

2. Steam at 500 PSI pressure as a working fluid 

3. Toluene at 500 PSI pressure as a working fluid, 
without regeneration. 
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4. Toluene at 500 PSI pressure as a working fluid, 
with regeneration. 

Following assumptions were made in all the analyses: 


- Exhaust gas flow rate: 50 lbs/min 

- Exhaust gas inlet temp, to evaporator: llOO^F 


- Expander and booster pump efficiency: 70% 

- Expander outlet pressure: 30 psia. 

A summary of the analyses is shown in Table 4-2. It is 
clear that the cycle with toluene requires regeneration in 
order for its efficient to be comparable to the steam 
cycle. Toluene has considerable amount of energy after 
expansion in the power cylinder. Addition of the 
regenerator would increase complex to the system as well 
as the manufacturing cost. Therefore, it was decided to 
select water as a prime candidate for the system. 

Detailed analyses are depicted in the Appendix 4. The 
thermodynamic (T-S) diagram for the selected cycle is 
shown in Figure 4-3. Figure 4-4 shows component 
contributions to the heat input for the integral steam 
bottoming cycle. 


4.3 CONCEPTUAL DESIGN OF THE SYSTEM 
4.3.1 Heat Exchanger Sizing 

Argonne National Lab. was subcontracted for this task 
and a detailed discussion on this subject is given in the 
Appendix 4. Here, a brief summary is discussed. 

Figure 4-5 shows the size of the evaporator as a 
function of the working fluid inlet temperature to the 
evaporator for three levels of the fin spacing. Also 
shown is the size of the evaporator used by Thermo 
Electron for their DOE demonstration program. According 
to a heat exchanger manufacturer whose products include 
heat exchangers for diesel engine exhaust gas, it is 
recommended that the fin spacing should be limited to 6 
fins/inch in order to avoid fouling on heat transfer 
surfaces (Ref. 7) . For this analysis, the fin spacing 
of 6 fins/inch is selected. Details of the tube and fin 
dimensions are given in Figure 4-6. Compared to the 
demonstration unit, the size is reduced approximately by 
40%. However, it is still too large to be attached to 
the base engine. 

Another heat exchanger required for this system is the 
condensor/ radiator. Slightly superheated steam from the 
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expander outlet mixes with the engine coolant at or just 
before the top tank of the radiator. The mixing will 
cause the steam to- condense into partially saturated steam 
since the mass flow rate of the working fluid is 1/2 of 
the engine coolant. As shown in the previous section, a 
total heat rejection of this system is 9041 BTU/Min at a 
rated 350 HP condition. Since the heat rejection of 
current diesel engines with a output power of 350HP is 
around 9000 Btu/Min, the size of the radiator for this 
system will be similar to current radiators being used in 
industry . 


4.3.2 Power Expander 

For this system, it is proposed that one of cylinders 
of the base diesel engine be used as the power recovery 
device. The steam reciprocating engine concept has been 
studied by a few (Ref. 6 and 8) , including Foster Miller 
which performed the study for the NASA/DOE program 
described in this report earlier. However, when the 
reciprocator is integrated into the diesel engine, several 
design issues such as vibration and valve events must be 
addressed. Since the objective of this study is to 
perform a preliminary feasibility study of the concept, 
those issues were addressed from that objective in mind. 
More detailed analyses should be performed in the next 
phase, if the concept proved to be attractive, or at least 
worth pursuing further, based on this study. 

Following are brief comments on those issues: 

- Expander Displacement: 

As described in Table 4-3, a displacement of 
approximately 100 cubic inches is required. This would 
fit nicely with a cylinder of Cummins L10 engine which was 
used as a base for this study. 

- Intake Valve: 

It is essential for the efficiency of the expander 
that the intake valve opens rapidly to allow the working 
fluid into the cylinder quickly and have adequate time for 
expansion work. Therefore, a sliding valve is considered 
as a intake valve as shown in Figure 4-7. The exhaust 
valve event can be more gradual and so can be the same as 
that of the base diesel engine. 

- Vibration/Balance: 

A detailed vibration analysis is beyond the scope of 
this work. There are several options as to how the 
configuration of the engine should be made. One of the 
option is to use the firing order of regular 5-cylinder- 
engines for the first five cylinders (1-2-4-5-3-1) and the 
expander cylinder would be positioned at a 180 crank angle 
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degree from the NO. 1 cylinder. This would require a 
counter-balancer at the sixth cylinder to take the first 
order unbalance out. Another option would be to have the 
crank shaft same as the six-cylinder engine with the 
uneven firing order. Balance due to the inertia forces 
should be good for this configuration. However, torque 
on the crank shaft due to gas pressure should be 
evaluated. 

- Lubrication 

The oil sump of the steam cycle is separated from the 
rest of the engine as shown in Figure 4-8. Therefore, a 
special lubricating oil (Steam engine oil) can be used for 
the lubrication of components in the sixth cylinder. 

Those oils are commercially available through Exxon or 
Mobil (Ref. 5) . As a future technology, dry lubricated 
steam reciprocators should be developed. 

4.3.3 Engine Design/Layout 

A cross-section of the base diesel engine is shown in 
Figure 4-9 along with a detailed explanation of each 
components. And a schematic, depicting a layout of the 
engine mounted on a truck, is shown in Figure 4-10. 

4.4 PERFORMANCE PREDICTION 

Based on the thermal analysis described in the 
sections 4.1 and 4.2, a total engine performance was made 
and the results are presented in Table 4-4. The best 
performance is obtained with the turbocharged/aftercooled 
turbocompound engine plus integrated bottoming cycle and 
its BSFC can be as low as 0.260 lbs/hp-hr. However, the , 
performance with the non-aftercooled/turbocharged 
turbocompound engine is also close to the above figure and" 
shows a good fuel economy. 


4.5 MANUFACTURING COST ESTIMATE 

Manufacturing cost estimate of the new system was made 
by comparing the engine against the base turbocharged 
engine. The detailed analysis of the study is shown in 
Appendix 5 of this report. Summary of the cost increase 
is shown in Table 4-5. The table compares the cost 
figures to those of the conventional steam Rankine system 
studied under this program, i.e., Foster Miller system. 

It shows the cost is almost a half of the conventional 
system. Main contribution of the difference comes from 
the expander, power train, and the condensor. However, 
due to its added complexity to the base engine for 
extracting the additional heat from the cylinder head and 
exhaust manifold, the cost of vapor generator and engine 
modification together would cost more for the new system 


23 



than the conventional design. In addition, the new 
system only generates a 305 HP total output (Turbocharged 
version) as compared to the baseline engine which 
generates an output of 317HP. Therefore, when the 
comparison is made at the 350 hp rating (Here, the 
0.7-power law was used to convert the cost at the 350 hp 
level . ) , the premium for the new system is increased to 
$2,400. 

This disadvantage of the lower output can be reduced 
by increasing the BMEP of the engine. The design point 
of this particular engine was at the BMEP level of 195 
psi. As the output level of the base engine increases, 
the total heat available for the bottoming system 
increases. Therefore, the output of the expander would 
increase and the reduction of output power due to the 
usage of one of the six cylinders as a expander would 
decrease as well. This concept should be studied as a 
next step if the system is to be pursued further. 


4.6 ECONOMIC EVALUATION 

Assumptions regarding to the maintenance cost, 
operations, etc, made for the evaluation of first three 
bottoming cycles are also used for this study. Results 
of the economic analysis is summarized in Figure 4-11. 

As seen from the figure, the new integrated system would 
give a much better return on investment for customers 
compared to any other bottoming systems. However, it 
still is not as good as the turbocompound engine. When 
the fuel price exceeds $1. 25/gallon range, the new system 
seems to give a rather attractive investment opportunity 
for the end users. 
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V. CONCLUSION 


Following conclusions can be made from the entire 
study described in this report. 

1. Bottoming cycles offer good opportunities for large 
fuel economy gains. However, traditional bottoming 
cycles are not competitive against turbocompound engines 
due to its complexity and thus high costs (The initial 
investment as well as maintenance cost.) 

2. A new integrated Rankine/ Diesel system was proposed. 
Based on the preliminary study of the system, it offers 
the best return on investment among bottoming cycles 
studied. 

3. The new system would give a more than 20% Internal 
Rate of Return (IRR) at the fuel price of $1. 25/gallon. 

4. Therefore, further studies should be made on the new 
system including: 

- further optimization of the concept by studying such 
areas as, 

. optimize the amount of heat recovery for each 
components. 

. optimum BMEP of the base engine 

- hardware demonstration of the 1-5 steam/diesel 
concept with an "ultra low" heat rejection engine. 
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Figure 2-2. RESD V-4 Power Recovery as a Function of 
Heater Head Temperature (2000 rpm) 
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Figure 2-3. SAV-4 Concept 
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Figure 2-4. FPSE Concept 


30 


Power (kW) Basic FPSE Engine Size 



Stirling Exhaust Temperature (°F) 


Figure 2-5. FPSE Optimized at 2500 rpm and 
644 K Heater Tube Temperature 
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Figure 2-6. Bottoming Cycle Mounting and Drivetrain Envelope for COE Installation 
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Figure 2-7. Comparison of Single- and Dual -Stage Power 
Recovery Based on Mod II Geometry 
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Figure 2-8. Mod II Design : 
of Heater Head 
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Figure 2-11. Diesel/Stirling Engine Integration (Side View) 



Mod II Stirling Engine 
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Figure 2-14 : Schematic of TSA Diesel Engine with the Following 
Notation: 

LPC ■ Low Pressure Compressor 

HPC » High Pressure Compressor 

REG « Regenerator 

ADE a Adiabatic Diesel Engine 

STE » Stirling Engine 

HPT = High Pressure Turbine 

LPT = Low Pressure Turbine 
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i i « i 1 » 1 r 


Figure 2-15 : T-s-Diagram Cor TSA Diesel Engine Showing Components 

and Part Processes. 

For notation, see following page. 
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Attachment to Figure 2-15. 
Notation to T-S Diagram 


LPC 

a 

Low Pressure Compressor 

HPC 

a 

High Pressure Compressor 

REG 

a 

Heat Regenerator 

DIL 

a 

Diesel Inlet Loss 

COMPR 

a 

Compression in Diesel Engine 

C1-C3 

a 

Combustion in Diesel Engine 

. « 

E1-E3 

a 

Expansion in Diesel Engine 

DDL 

a 

Blow-Down Lo'sS 

STU 

a 

Stirling Engine Heater 

HPT 

a 

High Pressure Turbine 

REG 

a 

Heat Regenerator 

LPT 

a 

Low Pressure Turbine 

ATM 

a 

Atmospheric Pressure Line 



Figure 2-16 : T-s-Diagram for TSA Diesel Engine, Full Load 

and Part Load as well as, for Comparison, 400HP 
Adiabatic Diesel Engine. TSA Performance below: 


Performance 
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94 

452 
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40 
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0.0 r >0 

- 

- 

Air Flow, kg/s 
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ADE L10-V6 / STE 4-471 - V4 



Figure 2-18. Semi-Integrated Design (V-Engines) 
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20. T-S Diagram for TSA Diesel Engine with High Temperature 
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Figure 3-2. System Comparison 
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2Z1 FUEL:$1 .00 E3 FUEL:$1.50 V///A FUEL:$2.00 

Figure 3-3. System Comparison 
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Figure 3-4. Truck Fuel Economy Effect 
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Figure 3-5. Truck Fuel Economy Effect 



RADIATOR 


USE OF ONE FLU ID. FOR: 


- DIESEL ENGINE COOLING 

- RANKINE CYCLE WORKING FLUID 



A SCHEMATIC OF A PROPOSED SYSTEM 


Figure 4-1. Integrated Diesel/Ramcine Cycle 





Figure 4-2. Integrated Steam Based Rankine Bottoming Cycle 

Schematic 
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Figure 4-3. T-S Diagram for the Steam Rankine System 
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A-B INTEGRAL WITH ENGINE 
B-C EXHAUST STACK BOILER 
C-D INTEGRAL WITH ENGINE 



Figure 4-4. Steam Cycle Showing Integral Bottoming Cycle 

Component Contributions 
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EVAPORAT 


Figure 4- 


2.0l 



0 I 1 I I L- 

200 300 400 500 

Working Fluid Inlet Temperature to 
the Evaporator, *F 

Department of Energy Demonstration Truck 
Evaporator Designed 4 Built by 
Thermoelectron 


Evaporntor Size for the Integrated Eanklne Bottoming Cycle 
for Truck Diesel Engine - Steam 9 1000 PSI 


fins/inch 

fins/ Inch 
fins/inch 

600 




Tube 

Outside Diameter • 1/2" or 5/8" 
Wall thickness » 0.04" to 0.05" 
Material * carbon steel 
pitch p * 3/4" 

Fins 

Thickness - 0.015" to 0.020" 
Material * low carbon steel 
No. of f ins/ inch ■ 6 


• Multiple tube and fin compact 

Heat exchange design is recommended. 

• Brazed tube to fin joint should be used 

• Overall dimensions to suit packaging on the engine 

• Total Fin • surface area should match the figure 
chosen from the graphs. 


Figure 4-6. Evaporator Tube and Fin Details 
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Figure 4-9. Cross Section of Diesel Reciprocator for 

Integral Bottoming Cycle Engine (See following 
page for corresponding design features) 
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Attachment to Figure 4-9. 


DESCRIPTION OF DESIGN FEATURES FOR 

INTEGRAL BOTTOMING CYLCLE ENGINE PAGE 1 OF 2 

(See sheet F for corresponding illustration) 

A. Isolated Unit Pump Assembly. Isolated to reduce heat 
rejection from the head to fuel and for service. External 
to valvecover. 115 degree f fuel temp to injection 
nozzle. PT or ECI controled. 

B. Fuel Nozzle. Isolated from head and valvetrain for 
reduced heat rejection. Cooled only by fuel used for 
combustion. Stanadyne type slim tip nozzle end features 
reduced tip area exposed to combustion chamber. 

Externally serviced. Surronded by an air gap, exposed to 
ambient. 

C. Overhead Cam Valvetrain Assembly. 

Cl. Pivoting valve and fuel injection rocker arms. 

C2 . Overhead cam retained by split bearing inserts and 
bolt on caps. 

C3 . Valve gear pedestal. Bolts to head as an assembly. 
C4 . Cam cover 

C5 . Valve cover, provides access to mechanism 
adjustments, locates fuel nozzle. 

D. Thick insulativ blanket. Surrounds all areas used for 
heat recovery. Reduces heat loss by conduction, 
convection. 

E. Engine Breathing System. 

El. Isolated inlet charge plenum. Provides reduced 

heat rejection to charge air. Inlet head port area 
minimized. 

E2 . Exhaust port/manifold retains pulse geometry and 
uses cast in high pressure steam/water tubes. 

F. Iron Cylinder Head. Cooled only bv boiling condensate 
in steel tube passages cast directly into head, and by 
incident valvetrain oil draining. 

G. High Pressure Condensate Inlets. For increased 
strenght, the cast in steel tubes feature flared ends so 
that high pressure nipples may' be threaded directly into 
the steel tubes. 

Gl. Block Inlet. ( 1 per cylinder ) 

G2 . Head Inlet v ( 1 per cylinder ) 

H. Engine Block. Simplified, incorporating linerless 
design, coaled by condensate boiling in cast in tubes in 
the top ring reversal area. Additional cooling provided 
by an underside piston/ liner oil spray. 
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PAGE 2 OF 2 


j. zirconia spray coated ductile iron or CLAS cast steel 
piston. Cooling provided by forced oil mist on the 
underside. Convential 3 ring design. 

K. Blow By and cylinder to cylinder breathing chambers. 
Also a colection point for high temperature oil to return 
to the scavenge pump. 

L. High temperature lube oil system. 

LI. Valvetrain and head oil return tube. 

L2 . Piston/Liner lube/coolina tube and connection. 

M. Insulative Gasket System. Utilizes a steel and PSZ 
sandwich to isolate high and low temperature components. 

Mi . Injector tip aasket. PSZ cone seals combustion 
pressure and isolates fuel cooled nozzle from 
cylinder head. 

M 2 . Inlet plenum gasket. PSZ or equivilent thermally 
isolates the cool inlet plenum and charge air (110 
deg F) from the cylinder head. 

N . Bed/Crankcase sump assembly. The bed assembly supports 
the crankshaft in the normal manor and forms the top half 
of the sump. 

P. Main Cap/Bed/Block studs. For simplicity and improved 
alignment, a single set of studs is used to tie the main 
bearing cap, bed, and block together to form a single 
rigid unit. 
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AIR TO AIR 



Figure 4-10. Schematic of Vehicle Mounted Equipment for Integrated 
Bottoming Cycle Engine (Overhead View) 
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TABLE 2-1. MAINTENANCE SCHEDULE (HOURS) 


Configuration 


Description 

Mod II 

SAV-4 

FPSE 

Bearing Relubrication 

- 

5,000 

- 

Piston Seal 

5,000 

- 

- 

Piston Rings 

5 ,000 

5,000 

- 

Shaft Face Seals 

5,000 

2,000 

- 

Main Bearing Replaceswnt 

S,000 

- 

- 

Change Oil 

5,000 

- 

- 

Plush Coolant 

500 

500 

500 

OK/Hydraulic Filter 

10,000 

- 

10,000 

Controls (External Check Valve) 

10,000 

10,000 

- 

H2 Supply 

5,000 

5,000 

- 


TABLE 2-2. MAINTENANCE SCHEDULE (COST) 



Mod II 

SAV-4 

FPSE 

* 

Bearing Relubrication 
Material 
Labor* 

Piston Seal 
Material 
Labor* 

Piston Rings 
Material 

$20/Set of 4 
Included 

$28/Set of 4 

$3 

Included 
$20/Set of 4 


Labor 

Included 

Included 


Shaft Pace Seal 
Material 

$10/Set of 2 

$111/Set of 2 


Labor* 

Included 

$10S/Set 


Main Bearing Replacement 
Material 
Labor* 

Oil Change 
Material 
Labor 

Plush Coolant 
Material 

$168/Set of 7 
Included 

$5/4 Quarts 
$26 

$6/Callon 

$6/Callon 

$6/Gallon 

Labor 

$32 

$52 

$52 

Oil /Hydrogen Pi Iter 
Material 

$6 


$12 

Labor 

$18 


$18 

Controls 

Material 

$8 

$8 


Labor 

$9 

$9 


H2 Supply 
Material 

$5 

$5 


Labor * 

$17 

$17 


Tear Down Engine 
Labor 

$560 (16 hr) 

$420 (11 hr) 



♦Main Labor Cost is Included in Engine Tear~Down Cost 
Production Rate of 10,000 Units/Year 
Based on $35/hr Labor Rate 
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TABLE 2-3. MAINTENANCE SUMMARY 


• Evaluated Ovar tha Life (1400 Hours) of cha Engine 


MOD II 


SAV-4 


FPSE 


This Includes two 
complete changes of 

• Piston Seals 

• Piston Rings 
e Shaft Seals 
e Main Brgs 

• Oil 

e Hydrogen 

• Engine tear down plus 
one change of: 

e Oil filter 

e Control valve 

plus (3) coolant 
flushes 


This Includes two 
complete changes of: 

e BRG Lubrication 
e Piston Rings 
e Engine tear down 
plus one change of 
control valves 
Plus (7) changes of: 
e Shaft Seals 
e Hydrogen 


Includes (3) changes 
of coolant 
and one change of 
Hydraulic Filter 


MAT'L 

- $ 504 

MAT'L 

- $ 884 

MAT'L 

- $ 

30 

LABOR 

- $1,389 

LABOR 

- $1,859 

LABOR 

- $ 

174 

TOTAL 

- $1,893 

TOTAL 

- $2,743 

TOTAL 

- $ 

204 


67 



TABLE 2-4. COMPARISON, OF THE THREE ENGINE CONCEPTS 

(BY MTI) 




SAV-4 

FPSE 

*1 

FUEL SAVINGS (%) 

10 

11 

8 

A ^ 
~ A 

MANUFACTURING COST 

$2,580 

$1,940 

$7,000 

*3 

MAINTENANCE COST 

$1,893 

$2,743 

$204 

WEIGHT (LBS) 

539 

781 

620 

TECHNICAL RISK 

LOW 

HIGH 

VERY HIGH 

PACKAGABILITY 

BEST 

DIFFICULT 

VERY DIFF 

OTHER FACTORS 
• 

SMOOTH TORQ 

ROUGH TORQ 

HIGHLY COMPLEX 


OVERALL BEST CHOICE 


*1: BASED ON TURBOCHARGED CORE ENGINE AND OTHER PARAMETERS ARE 
STIRLING EXHAUST GAS TEMPERATURE: 700'F 
WORKING FLUID: HYDROGEN. 

STIRLING ENGINE SPEED: 1,000 RPM 
COOLER TEMPERATURE: 115 'F 

*2: ROUGH ESTIMATES BY MTI (10,000 UNITS PRODUCTION/YEAR) 

*3: FOR A 7-YEAR LIFE TIME 
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TABLE 2-5. STIRLING BOTTOMING CYCLE PERFORMANCE MAP 
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TABLE 2~b : HEAT BALANCE FOR TSA DIESEL ENG I N E : 


HEAT AND SHAFT POWER OUTPUT OF THE DIESEL ENGINE: 


kW 

Conduction Losses ( 10 % of Fuel Heat Input) 74.7 

Diesel Engine Shaft Power (Exclusive of Friction) 357.5 
Diesel Engine Friction Losses 11.1 

Diesel Exhaust Heat to Stirling Engine 235.3 

System Exhaust Los3 (From 210 to 29.5 Degrees C) 67.2 


Total Heat Out of Diesel Engine 747.4 


HEAT INTO DIESEL ENGINE: 


Calculated Input of Fuel Heat 602.7 

Added Heat Input to Compensate for the Use of 

Extrapolated c - Values 144.7 

Total Heat Flow Into Diesel Engine 747.4 

HEAT CONVERSION IN STIRLING ENGINE: 

— — — 3 3 3 S - • = — * 

Total Heat Flow Into Stirling Engine 235.3 

Stirling Engine Shaft Power (Efficiency = 40%) 94. l 
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TABLE 3-1. ECONOMIC/ OPERATIONAL ASSUMPTIONS 


- Tax 

i Corporate Tax Rate 34% 

. Investment Tax Credit 0% 

- Equipment Price/Salvage Value/Life *1 

. Annual Production Rate 10,000 units 

. Selling Price/Mfg Cost 2.0 

. Future Cost Reduction 30% 

(Learning Curve Effect) 

. Salvage Value (% of Original) 20% 

. Hardware Useful Life 7 years 

- Fuel Economy 

. Anuual Truck Mileage 100,000 miles 

. Diesel Oil Price $1. 00/Gal *2 

. Base Engine (TCPD/AC) 

Truck Fuel Mileage 8.0 MPG *2 

*1: Assumed a 10% penetration on a market of 100,000 
class-8 trucks 

*2: Sensitivity Analysis was made around this base case 
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TABLE 3-2. TRUCK .MILEAGE. IMPROVEMENT (X) 


(VMS STUDY) 



RATED 

HILLY 1 

ELAI 2 

tux 3 

ORGANIC RANKINE 

(15.0%) 

13.9% 

13.5% 

13.7% 

STEAM RANKINE 

(14.1%) 

13.6% 

13.2% 

13.3% 

STIRLING** 

(10.0%) 

9.4% 

8.9% 

9.1% 

BRAYTON 

(11.1%) 

10.6% 

9.5% 

10.3% 


1 RENO SACRAMENTO 

2 INDIANAPOLIS CHICAGO 

3 COLUMBUS LOUISVILLE CINCINNATI COLUMBUS 

** AUTOMOTIVE STIRLING ENGINE IS USED (FOR SIZE & COST) , LARGER 
ONE WOULD GIVE 12.9% IMPROVEMENT AT RATED CONDITION. 
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TABLE 3-3. EXHAUST HEAT UTILIZATION 
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TABLE 3-4. 


MANUFACTURING. COST OF 

BOTTOMING 

CYCLE SYSTEMS 

MAJOR COMPONENTS 

RANKINE 

ORGANIC STEAM 

STIRLING 

1. VAPOR GENERATOR 
OR HEATER HEAD 

$1,200 

$800 

$534 

2. EXPANDER/HOUSING 

$863 

$1,336 

$939 

3 . CONDENSOR/REGENERATOR 
(INCL. FAN & OIL COOLER) 

$690 

$650 

$734 

4. POWER TRAIN/CLUTCH 

$538 

$470 

$470 

5. WORKING FLUID SYSTEM 
( PLUMBING , PUMPS , ETC . ) 

$1,030 

$472 

$146 

6. CONTROL SYSTEM 

$305 

$305 

$254 

7 . ASSEMBLY/ 

PRE-SHIPMENT TEST 

$312 

$166 

$203 

TOTAL 

$4,938 

$4,199 

$3,258 

OPTIMISTIC ESTIMATE 

($3,457) 

($2,939) 

($2,281) 
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TABLE 3-5. ENGINE SYSTEM PRICE TO CUSTOMERS 


(§ 350 HP level) 




Rankine 

Stirling 

- -■ 

Base 

Steam 

Organic 

Turbocharge 

(xC) 

$15,005 

$23,192 
($20,434) * 

$24,670 

($21,469) 

$21,210 

($19,047) 

TC/AfterCool 

(TC/A) 

$15,439 

$23,692 

($20,934) 

$25,170 

($21,969) 

$21,710 

($19,547) 

Turbocompound 

(TCPD) 

$16,121 

$24,826 

($22,068) 

$26,304 

($23,103) 

$22,844 

($20,681) 

TCPD/Af t . Cool 
(TCPD/A) 

$16,134 

$25,326 

($22,568) 

$26,804 

($23,603) 

$23,344 

($21,181) 


* Numbers In parenthesis indicate "optimistic" value. 

- Price is based on the 0.7 power law (1) 

Price (350 HP) - Base Enqine Price * 

( 3 50.0 /Combined System Output) °* 

- The price includes the installation costs at OEM. 
Installation cost data are provided by Navistar 
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TABLE 3-6. A SUMMARY OF MANUFACTURING/MAINTENANCE COSTS 


STIRLING 


RANKINE 


ORGANIC STEAM 


MANUFACTURING COST $3,258 

($1,789)*! 


$4,938 
($4 , 189) *2 


$4,199 
($3,035) *2 


MAINTENANCE COST 


$737 $1,034 $850 

($431) ( 1 , 100) *2 ( $580) *2 


*1: NUMBERS IN PARENTHESIS ARE ESTIMATES BY SUBCONTRACTORS FOR 
EACH BOTTOMING SYSTEM, I.E., MTI, TECO, AND FOSTER-MILLER 
*2: FIGURES ARE BASED ON A 1983 $ VALUE. 
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TABLE 4-1. FLUID CHARACTERISTICS 
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TABLE 4-2. RESULTS OF THE CYCLE ANALYSIS FOR THE DIFFERENT CASES 



Working 

Operating 

Cycle 

Flow Rate 

Expander 

Power 


Fluid 

Pressure 

Efficiency 

lb m /min 

H.P. 

l. 

Superheated Steam 

1000 

19.8 

5.98 

34.9 

2. 

Superheated Steam 

500 

19.5 

6.10 

34.4 

3. 

Superheated Toluene 
with Regeneration 

500 

18.0 

32.40 

32.1 

4. 

Superheated Toluene 




24.1 


without Regeneration 500 

13.6 

24.30 


80 


TABLE 4-3. CALCULATION OF EXPANDER DISPLACEMENT 

Specific volume of steam at exapnder outlet ■ 16.44 c. ft 

lb 


Steam flow rate ” 6 lb/mitu 

- 6 x 16.44 c.ft 98.64 c.ft 

min min 


If the engine is rested at 1900 rpm, 

Steam flow rate ■ 98.64 c.ft 0.0519 c.ft 

1900 rev rev. 

One exh. stroke/rev. displacement “ 0.0519 c.ft 

stroke 

- 89.68 e.iu 90 c.in 

Vol. 0.9, Displacement ■ 100 c.in 
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TABLE A- A. FUEL CONSUMPTION COMPARISON WITH AND WITHOUT INTEGRATED BOTTOMING CYCLE 

SYSTEM FOR VARIOUS ENGINE CONFIGURATIONS 


EXHAUST 
(LB /MIN) 

48. 1 
40. 1 

47.6 

39.7 

47.8 

39.8 

48.4 

40.3 

h- 

to 

<U- 

lo 

* « . 

tu 

1240 

700 

11120 

700 

1140 

700 

1060 

700 

BSFC 

(LB/BHP-HR) 

0.315 

0.273 

0.310 

0.272 

0.297 

0.262 

$ 

0.293 

0.260 

BHP 

317 

305 

320 

304 

335 

317 

340 

\ 

320 

ENGINE CONFIGURATION 

TURBOCHARGED-NONAFTERCOOLED 

(TC) 

SAME WITH INTEGRATED 
BOTTOMING CYCLE (TC+BC) 

TURBOCHARGED-AFTERCOOLED 

(TC/A) 

SAME WITH INTEGRATED 
BOTTOMING CYCLE (TC/A+BC) 

TURBOCOMPOUND-NONAFTERCOOLED 

(TCPD) 

SAME WITH INTEGRATED 
BOTTOMING CYCLE (TCPD+BC) 

TURBOCOMPOUND -AFTERCOOLED 
(TCPD/A) 

SAME WITH INTEGRATED 
BOTTOMING CYCLE (TCPD/A+BC) 
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INTEGRATED BOTTOMING CYCLE ENGINES USE 
5 DIESEL CYUNPefrS I RANKINE CYLINDER 



TABLE 4.5. MANUFACTURING COST OF STEAM RANKINE BOTTOMING CYCLE SYSTEMS 


MAJOR COMPONENT 

CONVENTIONAL 

INTEGRATED 

(035OHP) 

1. VAPOR GENERATOR 

ENGINE MODIFICATION 

$800 

$700 

$353 

$772 

$389 

2. EXPANDER/HOUSING 

$1,336 

$326 

$360 

3. CONDENSOR 

(INCL. FAN $ OIL COOLER) 

$650 

$307 

$339 

4. POWER TRAIN/CLUTCH 

$470 

$0 

$0 

5. WORKING FLUID SYSTEM 

(PLUMBING, PUMPS, ETC.) 

$472 

$315 

$347 

6. CONTROL SYSTEM 

$305 

$125 

$138 

7. ASSEMBLY/ 

$166 

$50 

$55 


PRESHIPMENT TEST 


$4,199 $2,176 $2,400 
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APPENDIX I 
M.T. I. 

COST STUDY OF STIRLING 
BOTTOMING CYCLE SYSTEM 


PRECEDING PAGE BLA^C KOI FILMED 


bunk 
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M.T.I. 

COST STUDY OF STIRLIM6 
B0TT0H1N6 CYCLE SYSTEM 


ORIGINAL PAGE IS 
OF POOR QUALITY 


:part no.’ 


: HEATER 
! HEAD 


DUCTING 
HTR. HD. 
COVER 
ASSEMBLY 


PAGE 1 OF 15 


DATE: 0 



1 

1 

i 

1 


i i 

i ( 

: labor : 

! TOTAL ! 

! MATERIAL &i 

i i 

i i 

i t 

! t 


:hih 

:qty. 

1 COST t $73 1 MATERIAL 

! LABOR ! PATTERN 

! MATERIAL i 

! DESCRIPTION 

;bqf 

IREQD 

I HOUR ICOST 

ICOST ICOST 

{TYPE ! REMARKS 


[HEATER HEAD 

MIN 

4 

$109.08 

$44.60 

$153.68 I 

: TUBES HEATER HEAD 

MIN 

120 

$16.00 

$33.31 

$49.31 ! 

(FINS HEATER HEAD 

KIN 

10150 

$37.27 

$81.20 

$118.47 ! 

! ASSEMBLY HEATER HEAD 

MIN 

4 

$45.09 

$0.90 

$45.99 ! 

i SUB-TOTAL 





$367.45 ! 


$ 20 , 000.00 


DUCTING/HEATER HEAD COVER 
ASSEMBLY 






TOP COVER-OUTER 

MIN 

1 

$1.32 

$1.90 

$ 3.72 

TOP COVER-INNER 

MIN 

1 

$1.82 

$1.66 

$3.48 

ASSEMBLY TOP COVER 

MIN 

1 

$21.45 

$2.54 

$ 23.99 

SUB-TOTAL 





$31.19 


-1986 



PAGE 2 OF 15 


N.T.I. STIRLING 


ORIGINAL' PAGE 15 
OF POOR QUALITY 


DATE: 05-01-1986 



1 

1 

l 

l 


l 1 

i LABOR 1 

1 TOTAL 1 

1 MATERIAL &l 



ININ 

ISTY. 

ICOST i. $73 [MATERIAL 

1 LABOR 1 PATTERN 


! DESCRIPTION 

IBOF 

IREQD 

IHOUR ICOST 

ICOST ICOST 



1 ASSEMBLY 

ASSEMBLY - ENCLOSURE WITH 






1 ENCLOSURE 
: WITH 

OUTLET DUCT 






! OUTLET 
: DUCT 

ENCLOSURE OUTER 

MIN 

n 

L 

110.54 

$3.36 

$13.90 

1 ■ 

a 

ENCLOSURE INNER 

MIN 

2 

$10.54 

$2.92 

$13.46 

< n 

DUCT OUTLET 

MIN 

2 

$2.36 

$0.58 

$2.94 

! B 

ASSEMBLY ENCLOSURE WITH 

MIN 

2 

$61.45 

$5.94 

$67.39 

i ■ 

OUTLET DUCTS 







SUB-TOTAL 





$ 97.69 


l t 

) t 

i ENCLOSURE; ENCLOSURE COVER 

MIN 

2 

$1.82 

$1.12 

$2.94 I 

: COVER 







'ASSEMBLY 

ASSEMBLY - PLENUM NITH 





1 

'PLENUM 
; WITH 

INLET DUCT 






INLET 

PLENUM - OUTER 

MIN 

i 

$1.82 

$1.91 

$3.73 I 

IDUCT 

! ■ 

PLENUM - INLET 

MIN 

i 

$1.82 

$1.91 

$3.73 1 


PLENUM - COVER 

MIN 

i 

$0.91 

$ 0.62 

$1.53 1 


DUCT - INLET INSULATED 

BOF 

i 


$8.00 

$8.00 1 

i a 

i | 

i i 

t i 

ASSEMBLY - PLENUM NITH DUCT 


i 

$15.72 

$1.73 

$17.45 1 

t i 

! 1 

1 1 

1 1 

SUB-TOTAL 


! I 



$34.44 1 

1 CLAMPS 
; OTHER 

CLAMPS / OTHER 




$3.00 

$3.00 1 
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PAGE 3 OF 15 


N.T.I. STIRLIN6 


ORIGINAL PAGE IS 


DATE: 05 



1 

1 

I 

! 

1 

1 

1 

1 

1 

1 

ININ 

! STY. 1 

LABOR 

COST « $73' 

NATERIAL 

! TOTAL ! 

! NATERIAL 4! 

! LABOR ! PATTERN 

1 i 

l » 

i ! 

1 « 

! NATERIAL ! 


PART NO. 1 DESCRIPTION 

• BCF 

IREQD 

HOUR 

COST 

1C0ST ! COST 

1 TYPE ! RENARKS: 

~! 


DRIVE ! DRIVE SYSTEM 







1 

c 

i 

C VCTCII » 

u i w t t_i : 

B > 

1 







> 

t 

: 

■ ! TORSION ISOLATOR ASSENBLY 

a i 

BOF 

1 

L 


$ 77.40 

$77.60 


» 

i 

■ i STOCK SPROCKET 1/2 PITCH 

EOF 

1 


$32.40 

$32.40 


i 

i 

1 i STANDARD CHAIN 1/2 PITCH 

i 

BOF 

l 


$35.00 

$35.00 


i 

t 

1 

! 

1 CLUTCH (PITTS MODEL I-2S 

!P/N 105341 

1 

i 

BOF 

1 ! 


$200.00 

$200.00 


i 

i 

< 

i 

i 

1 

i 

J 

! 

! SUB-TOTAL 

! 

: 





$345.00 


II 

II 

II 

II 

II 

II 

H 

II 

II 

II — — — 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 


i 

RADIATOR ! RADIATOR SYSTEH 




$250.00 

$250.00 


SYSTEN ! 







* 1 RADIATOR CORE 

a i 

BOF 

1 





i 

’ 1 SHROUD 

9 i 

BOF 

1 





1 

■ ! HOSES 4 CLAMPS 

fi 1 

BOF 






i 

’ 1FAN 

a i 

BOF 

1 





' 1 ELECTRIC MOTOR 







■ ! BRACKETS 4 FAN SHROUD 

a i 







i 

’ ! ASSEMBLY RADIATOR SYSTEN 

i 

1 


1 





l 

l 

l 

I SUB-TOTAL 

T 

1 





$250.00 


• 1 

I MOUNTING ! MOUNTING PLATE 
(PLATE ! 

ININ 

: i 

1 $64.27 


1 $64.27 



1 

i 

ENGINE 1 ENGINE MOUNTING 

1 > 

1 l 

ININ ! 

1 1 

1 i 

! $54.55 1 

l 1 It 

! . ii 

1 $54.55 1 ! 1 

MOUNTING ! 

1 

l 

1 l 

l > 

l l 

1 l 

1 1 

l i 

1 1 

l l 

1 1 i » 

! » < 1 

,i >i 
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PA6E 4 OF 15 


H.T.I. STIRIIN6 


ORIGINAL' PXGET 15 
OF POCP r ' TT ‘.MTY 


DATE: 05-01-1986 


I 

1 

» 

i 

! 


t 

» 

i 

i 

i 

[LABOR 

i 

i 

i 

TOTAL 

MATERIAL 4 




» 

1 

1 

[MIN 

[STY. 

[COST 8 $73 [MATERIAL 

LABOR 

PATTERN 

[MATERIAL 


IPART NO. 

! DESCRIPTION 

IBOF 

[RESD 

HOUR 

! COST 

COST 

COST 

[TYPE 

[REMARKS: ! 

! CONTROL 

! CONTROL BLOCK ASSEMBLY 

! BOF 

1 

! 

! 1 


$87.80 

$87.80 



i 

i 

i 

' BLOCK 
! ASSEMBLY 
SWODEFIEB 

! MODIFIED 

! 

t 


! 

1 

! 

1 

! 


l 

t 

! 

1 

« 

1 




i 

i 

i 

» 

t 

I 



r 


I ! 





f 

1 ELECT 

■ t 

[ELECTRONIC PACKAGE MODIFIED !BQF 

l 


1 1 
$76.37 ! 

$76.37 



i 

i 

! PACKAGE 



i 


! 1 

1 1 




i 

i 

! ROTARY 

? 

[ROTARY CONTROL VALVE - 

BOF 

! 

i 


1 t 

$39.91 : 

$39.91 




! CONTROL 
! VALVE 

[MODIFIED 

» 

i 

i 


i 


l 

i 

1 

i 

1 










i 





! TRANS. 

* 

[TRANSDUCER - PRESSURE 

BOF 

i 


1 

$49.67 ! 

$49.67 



! 

1 PRESSURE 

! ! ONE PIECE ! 

! 




1 

1 

1 

! 

1 




I 

1 

! HYDROGEN 
! STORAGE 

* 

[HYDROGEN STORAGE SYSTEM 

BOF 

! i 


1 

f 

$59.61 [ 

$59.61 ! 


1 ; 

1 ! 

J ! 

i i 

i 

[ENGINE 
! SLOCK 

[ENGINE BLOCK MACHININ6 

MIW 

1 

$73.00 

1 i 

i i 

$9*4*1 

$168.00 : 

H9,MO.OO 


; 

! ASSEMBLY 

1 9 

t N 

[HOUSING REAR MAIN BEARIN6 
[CAP & OIL PUMP 

MIN 

1 

$4.00 

$2.50 ; 

$6.50 : 

$2,500.00 



! * 
a 

[BEARING CAP MAIN 

MIW 

2 

$17.52 

$6.00 ! 

$23.52 ! 

$3,500.00 



» a 

[PIN, DONEL 

BOF 

6 


$1.00 ! 

n.oo : 



i 

i « 

a 

i a 

[SCREW, SOCKET HEAD 
!M12 I 1.75 X 45 GR 9.8 

BOF 

5 


$3.50 ; 

$3.50 [ 



i 

i 

t 

1 FI 

[SCREW, SOCKET HEAD 
!M12 X 1.75 X 75 GR 8.8 

BOF 

1 


$0.70 i 

$0.70 ! 



i 

! 

< a 

i a 

[SCREW, SOCKET HEAD SET 
[FLAT POINT M12 X 1.75 X 12 

BOF 

3 


$ 1.20 : 

$1.20 ! 



' 

i a 

! 

[GR. 8.S 








• 
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PAGE 5 OF 15 


H.T.I. STIRLING 


DATE: 05-01-1986 


IPART NO. 


; ENGINE 
i di nrv 

■ vibVwr- 

! ASSEMBLY 
SCONT'D 


DESCRIPTION 


BEARING - BOSTON GEAR 

SCREW, SOCKET HEAD SET 
FLAT POINT M10 X 1.5 X 10 
GR. B.8 

WASHER, L0CKIN6 1112 


SUB-TOTAL 


! FRONT 
! COVER 
i ASSEMBLY 


FRONT COVER 

LEE PLUS (SHORT) - ALUMINUM 

HELICOIL INSERT 
M 6 X 1 X 9 

HELICOIL INSERT 
M10 X 1.5 X 20 

HELICOIL INSERT 
MIO X 1.5 X 15 

BEARING, NEEDLE ROLLER 
T0RRIN6T0N IFJ-1512 


SUB-TOTAL 


! CRANK- 
SHAFT 
! BALANCING 
! ASSEMBLY 


CRANKSHAFT 

WATER PUMP DRIVE GEAR 
OIL PUMP DRIVE GEAR 
DRIVE HUB 






TOTAL ! 



LABOR 


MATERIAL M 

MIW 

QTY. 

COST 8 $73 

MATERIAL 

LABOR I 

BOF 

RESD 

HOUR 

COST 

COST ! 

BOF 

1 


$6.00 

l 

$6.00 ! 

BOF 

1 


$0.50 

$0.50 ! 

BOF 

6 


$0.12 

$0.12 ! 





$211.04 : 

(MIW 

1 

$21.90 

$15.00 

$36.90 : 

:bof 

1 


$0.30 

$0.30 ! 

! BOF 

4 


$2.80 

$2.80 1 

IBOF 

4 ! 

j 


$3.75 

$3.75 ! 

! BOF 

1 


$0.70 

$0.70 ! 

(BOF 

1 


$4.00 

$4.00 ! 





$48.45 ! 

SHIM 

1 

$ 34.56 

936.06 

$66.50 

IBOF 

1 


$ 2.06 

! $2.00 

IBOF 

1 


$6.00 

$6.00 

; miw 

1 

$7.30 

$5.00 

$12.30 


MATERIAL 
TYPE ! REMARKS: 


$4,500.00 


$ 10 , 000.00 


$2,500.00 
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PABE 7 OF 15 


M.T.I. STIRLING 


DATE: 05-01-1986 



I 

1 

1 

i 

ININ 

1 

IQTY. 

t 1 

i i 

I LABOR I 

ICOST « $731 HATER I AL 

1 TOTAL 
1 MATERIAL & 
1 LABOR 

PATTERN 

1 l 

! 1 

| ! 

1 1 

1 MATERIAL 1 


! DESCRIPTION 

1 EOF 

IREQD 

! HOUR ICOST 

ICOST 

COST 

ITYPE 1 REMARKS: 



; HATER 1 BEARING , NEEDLE ROLLER 1 
I PUMP 1 I 
i ASSEMBLY 1 BEARING, DEEP GROOVE BALL 1 
ICONT’D IM12 X 28 X 3 FASI6001.2RSR 1 

’ B ! 1 

BOF 

BOF 

1 

1 







1 \ 1 

1 " I SEAL, FACE SHAFT 1 

1 ’ ITYPE 792 3/4-ID 1 

1 ’ ISERIES 300 CUPSiHQUSINGS 1 

III 

BOF 

n 

L 







• ! 

1 It 1 

1 1 

I a ! 

SEAL, SHAFT 
LIP TYPE DRW 
INDUSTRIES 16420-CRWl-R 

BOF 

t 







i 

I ■ 

i 

i ■ 

O-RING PARKER I2-124N674-70 
BUNA-N* 

BOF 

2 







i 

1 ■ 

i 

t i 

t 

i i 

RING, SNAP - BEVELED 
TRUARC IN5002-106 

BOF 

1 







i 

i 

i a 

i 

i a 

RING, SNAP - BOWED 
TRUARC 15101-46 

BOF 

i 







i i 

1 H 

i 

1 0 

KEY, WOODRUFF 3/16 X 1.0* 
NO. 608 

BOF 

1 







i a 

i 

i g 

i 

i a 

i 

i a 

ASSEMBLY - ELECTRIC MOTOR - 
PMI MOTORS TYPE #12FP 
ITEMS 23-31 

BOF 

1 







! 

1 n 

i 

i a 

i 

SCREW, SOC HD CAP 
M B X 1.25 X 55 GR.8.8 

BOF 

2 







! * ; 

WASHER, FLAT H 9 

BOF 

4 







i a 

i 

i a 

NUT, HEX M 8 X 1.25 
GR.8.8 *934 

BOF 

4 






' 

i 

i 

i a 

WATER PUMP SEAR HUB 

MIW 

l 







i 

i a 

t 

t a 

WATER PUMP BALANCE WEIGHT 

MIW 

1 







t 

i a 

i 

i a 

i 

i 

i 

i 

i 

SCREW, SOC HD CAP 
M 5 X .3 UO GR. 10.9 

BOF 

6 
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PA6E 8 OF 15 


ORIGINAL PAGE IS 
OF POOR QUALITY 


N.T.I. STIRLING "ATE: 05-01-1986 


' 1 

> 1 

J I 

* 1 

) 1 

* } 

IPART NO. 1 DESCRIPTION 

ININ 

IBOF 

IQTY. 

IRE9D 

1 LABOR 1 

ICOST 8 I731NATERIAL 
I HOUR ICOST 

1 TOTAL I I 

INATERIAL SI 1 

1 LABOR 1 PATTERN INATERIAL 

ICOST ICOST I TYPE 

i 

i 

t 

i 

RENARKS: I 

< S 

1 WATER i SCREW, HEX HD CAP 

BOF 

7 

•J 



( l 

> 1 

l l 


IPUHP IN 5 X .8 X 25 SR. 12. 9 





> l 

l 1 


■ ASSEMBLY ! 





1 l 

I ! 


ICCNT'D ! SCREW, HEX HD CAP 

EOF 

l 



1 1 


: ’ !N 4 X .7 X 12 SR. 8. 8 

i a i 





t 1 

1 1 


r i 

! ’ : SCREW, HEX HD CAP 

BOF 

1 



| | 


! * IN 5 X .9 X 6 6R.8.8 

t ■ i 







I ” ISCREW, SLOTTED FLAT HD 

BOF 

7 

•V 



1 ! 

1 1 

! 1 


1 * IN 5 X .8 X 10 6R.B.8 

i a i 





1 i 

1 1 


i ! 

1 " ISCREW, PAN HD NACHINE 

BOF 

4 



t ! 


1 ” IN 5 X .8 X 10 I95BR 





■ 1 

l t 


1 1 ISCREW, SHOULDERED SOC HD CAP 

BOF 

2 



l 1 

1 1 


1 5 IH 8 X 30 SR. 12.9 

1 • ! 





< f 


f t 

1 3 ISCREW, SHOULDERED SOC HD CAP 

BOF 

2 





3 IN 8 X 40 SR. 12.9 

! ! 

! 1 

| 1 





1 1 

1 1 

1 1 

1 I 


! 1 

1 f 

1 1 SUB-TOTAL 

i i 





t 1 

! J 

I ! 

160.00 1 I 

! t 

1 1 


i 1 

i i 

I ASSEMBLY- 1 MAIN SEAL H0USIN6 SEAT 

BOF 

1 



1 » 

1 » 

1 1 

! 1 

| 

INAIN 1 





1 1 
1 1 


ISEAL 1 ASSENBLY - NA1N PL SEAL 

BOF 

1 



I 1 


■HOUSING- I 





t ! 


CYL.2M INAIN SEAL H0USIN6 SPRING 

9 1 

BOF 

1 



1 1 

| | 


' INAIN SEAL HOUSING CARRIER 

1 1 

BOF 

1 



1 t 

1 t 

t 1 

| | 


l 

■ INAIN SEAL H0USIN6 FOLLOWER 

a i 

BOF 

1 



! 1 

* 1 

1 < 

{ | 


* INAIN SEAL HOUSING CAPSEAL 

a 1 

BOF 

1 

k 



t ( 

1 1 

J 1 

| 1 


i 

“ INAIN SEAL HOUSING INJECTION 

BOF 

1 



: i 

1 1 

i t 


" I BUSHINS 

a i 





1 1 
1 1 


INAIN SEAL HOUSING BACKUP 

BOF 

1 



i < 

1 1 

( 1 


3 i WASHER 

l 





1 1 
1 1 

1 1 


i 

t 

1 





: 



PAGE 9 OF 15 


ORIGINAL PAGE IS 
OF. POOR QUALITY 


H.T.I. STIRLING DATE: 05-01-1986 


IPART NO. 1 

DESCRIPTION ! 

: : ! ; total : 

! i LABOR ! : MATERIAL il 

MIN I3TY. I COST § 173 1 MATERIAL I LABOR I 

BOF IRE3D IHOUR I COST ICQST I 

1 1 t 

t 1 « 

PATTERN 1 MATERIAL I r 

COST ITYPE I REMARKS: 1 

! ASSEMBLY- 

COVER - ma t m cca|_ HOUSING 

1 t 

t ( 

EOF ! 2 ! 

» 

» 

1 

l 

l i 

i l 

1 l 

1 RAIN 
! SEAL 

ALL CYLINDERS 

i > 

i i 

i i 

t i 

» 

1 

1 

< 

« » 

' < 

1 t 

l > 

HOUSING- 

ASSY - MAIN SEAL HOUSING 

bof : 2 : $o.oo 

$».w ; $25.00 

» 1 

i t 

ICYL.2I* 

iCONT'D 

CYL. 2 6 4 

i i 

i i 

i i 

» 

i 

i 

i 

l i 

t * 

l » 

l ( 

l ft 

SCREW, BUTTON SOC HO CAP 

BOF : 61 

i 

i 

l 1 

1 1 

i a 

M 5 X .8 X 14 

1 1 

1 I 

1 1 

i 

i 

1 1 

l l 

i l 

i a 

O-RING PARKER I2-198V646-75 

< 1 

BOF ! 2 ! 

I l 

i 

i 

i 

i 

1 1 

1 1 

l 1 

1 1 

> a 

0-RIN6 PARKER #2-1 15V747-75 

1 l 

BOF I 2 ! 

1 l 

t 

i 

i 

i 

i 1 

1 1 

1 t 

i ■ 

i ■ 

0-RIN6 PARKER I2-122V747-75 

l i 

BOF ! 4 ! 

i 

i 

i 

j 


i a 

O-RING 

BOF I 4 : 

i 

l 


1 R 

I a 

APPLE 16.73 X 1.52 - 70 


i 

> 1 

! t 

1 J 

i ■ 

1 R 

OIL JET - MAIN PL SEAL 

BOF ! 4 I 

1 1 

i 

t 

i 

f 1 

I ( 


BACK UP RIN6 - PARKER 

l l 

BOF I 2 ! 

« 

l 

i 

1 I 

1 t 

i a 

PARBAK #8-1 22N300-90 

i 1 

1 < 

1 I 

t i 

t i 

i 

» 

l 

i 

i 

1 1 

> > 

1 1 

1 t 


SUB-TOTAL 

i < 

1 1 

i < 

1 l 

1 i 

1 1 

1 > 

1 

1 

4 

: $25.00 

t i 

» 1 

( 1 

I i 

t 

! ASSEMBLY- 
I RAIN 

MAIN SEAL HOUSING SEAT 

i i 

BOF ! 21 

1 1 

i < 

1 

1 

1 

J 

» 

t i 

$2,500.00 : ! 

I 1 

1 1 

ISEAL 
! HOUSINB- 

ASSY. - MAIN PL SEAL 

BOF : 21 

1 > 

i 1 

1 

1 

» 

I 

1 1 

i < 

t 1 

1 ( 

I CYL. Ile3 

MAIN SEAL H0USIN6 SPRIN6 

BOF : 2 ! 

f l 

» 

1 

1 

t 1 

1 1 

! 1 

i 

i ■ 

t 

1 R 

MAIN SEAL HOUSING CARRIER 

* 1 

bof : 2 : 

i i 

» 

1 

f 

1 

< 1 

$3,500.00 I ! 

t 1 

I 

1 M 

1 

1 ■ 

MAIN SEAL HOUSING FOLLOWER 

i i 

bof : 2 : 

i i 

1 

1 

» 

1 

$3,000.00 : : 

i i 

1 

1 ft 

1 

MAIN SEAL HOUSING CAPSEAL 

i i 

BOF ! 21 

i l 

1 

J 

1 

1 

i t 

i i 

i t 

i i 

1 

1 ft 

MAIN SEAL HOUSING INJECTION 

l l 

BOF ! 2 I 

1 

> 

1 

f i 

i i 

1 ft 

t 

f 

t 

1 

1 

1 

1 

BUSHING 

l 1 

i J 

t 1 

i i 

> i 

■ l 

» l 

» i 

J 

1 

1 

1 

» 

1 

1 

! 

i > 

t i 

1 4 

1 1 

1 1 

1 i 

LM ! 
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ORIGINAL 

page t* 


H.T.I. STIRLING 


** fOOR QUALITY 

DATE: 05-01-1936 





i i 

! TOTAL 

t i 

1 ! 

l 





! LABOR 1 

i MATERIAL 4 

1 I 

1 1 

; 



ININ 

:qty. 

ICQST i $73 

MATERIAL 

LABOR 

! PATTERN ! MATERIAL 

: 

PART NO. 

DESCRIPTION 

IBQF 

RE5D 

[HOUR 

1 COST 

ICQST 

ICOST i TYPE 

REMARKS: ! 

II 

tl 

II 

II 

II 

II 

II 

II 

II 









J ASSEMBLY- 

MAIN SEAL HOUSING 

BOF 

0 

i. 




1 


! MAIN 

BACKUP NASHER 






1 

I 

! SEAL 







I 

l 

l 

I HOUSING- 

COVER - MAIN SEAL HOUSING - 

BOF 

2 




1 

; 

'CYL.143 

ALL CYLINDERS 







; 

JCQNT'D 








» 

1 

MAIN SEAL HOUSING CYL. Ifc3 

BOF 

2 

$0.00 

$25.00 

$25.00 


i 

t a 

ASSEMBLY 






l 

1 


i it 

SCREW, BUTTON SQC HD CAP 

8QF 

6 




1 

1 

l 

l 

! I 

1 9 

M 5 X .8 X 14 






1 

l 

r 

I a 

i a 

O-RING PARKER I2-109V747-75 

BOF 

2 




l 

i 

! 

i a 

i * 

O-RING PARKER #2-1 15V747-75 

BOF 

2 




t 

1 

l 

i 

1 9 

O-RING PARKER #2-1 22V747-75 

BOF 

4 




1 

1 

1 

t 

i a 

O-RING 

BOF 

2 




1 

1 

l 

1 

i a 

APPLE 16.73 X 1.52 - 70 






1 

l 

! 

i a 

i a 

OIL JET - MAIN PL SEAL 

BOF 

4 




s 

i 

; 

• 

BACK UP RIN6 - PARKER 

BOF 

2 




l 

i 

- 

i a 

PARBAK I8-122N300-90 






i 

i 

i 

! 

i 


SUB-TOTAL 





$25.00 

1 

1 

1 

1 

! 

i 

OIL 

HOUSING, REAR MAIN BEARING 

BOF 

l 




1 

1 

I 


PUMP 

CAP t OIL PUMP 






1 

1 


ASSEMBLY 







! 

i 

a 

a 

COUNTERHEIGHT 

BOF 

1 




i 

i 

i 

a 

GEROTOR UNIT NO 4113-0.6875 

BOF 

1 




i 


a 

9 

CLASS 111 






i 

i 

i 

a 

a 

DRIVE GEAR 

BOF 

1 




i 

t 

i 

t 

a 

a 

DRIVE SHAFT 

BOF 

l 




t 

i 

i 

i 

r 


KEY, WOODRUFF MFG. #3 

BOF 

1 




i 

• 



95 
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H.T.I. STIRLING CATE: 05-01-1986 


1 1 

1 1 

1 1 

* 1 

iPART NO. ! DESCRIPTION 

S S ! ! TOTAL 

: : labor : material St 

MIW SSTY. 1 COST e $73! MATERIAL ! LABOR 
BOF SRESD SHOUR SCOST SCOST 

PATTERN 

COST 

MATERIAL 

TYPE 

1 

i 

i 

i 

REMARKS: 1 

SOIL 1C0VER, PLATE 

< DtIMD 1 

t l 

i ! 

BOF ! 1 ! 

i t 

! 

1 

! 

1 

1 



; 

i ASSEMBLY I SEAR COVER PLATE 

t ‘1 1 

! 1 

BOF S 1 ! 

1 1 

t 

1 

t 

1 



! 

< < 

! ' ! SCREEN 

i n t 

1 I 

BOF ! IS 

l 1 

! 

1 

> 



5 

: ’ S SCREW, FLAT SOCKET HD 

! 1 
BOF ! 8 1 

1 




! 3 !M 4 X .7 1 10 GR. 8.8 

1 H I 

f < 

! 1 

1 

1 




1 t 

1 ’ : SCREW, BUTTON SOC HD CAP 

BOF ! 81 





! ’ !H 4 X .7 X 6 SR 8.8 

J H 1 

l 1 

i 

i 

1 



1 

f 1 

! ’ SPIN, ROLL M 4 X 18 NO 1481 

i t l 

t < 

BOF 1 IS 

1 I 

i 

t 

1 

i 




i i 

: * SOIL PUMP ASSEMBLY 

t 1 

t « 

l 1 

1 ! 

i l 

BOF ! 11 $0.00 

1 1 

I 1 

l l 

! 1 

i 

ttfcW i $40.00 

1 

1 

1 

l 



i 

! 1 

J 1 

1 1 

S ! SUB-TOTAL 

! 1 

1 1 

t t 

1 1 

1 1 

1 1 

] 1 

1 t 

» 

i 

» 

l 

: $ 40.00 

i 




1 1 

! t 

! ASSEMBLY ! CHECK VALVE 80DY CYL 2 It 3 

1 1 

! 1 

bof : i : 

i 

i 

$12.00 S $12.00 




! CHECK ! 


» 

1 




! VALVE SASSY. CHECK VALVE 

i i < 

i i < 

1 

! 




; E OSY ! STRAIGHT FLOW 

BOF ! 2 S ! 





ICYL 2 It 3! 


I 




S ’ SASSY. CHECK VALVE 

BOF ! 4 ! 

1 




! ■ ! NINETY DEGREE FLOW 

1 ■ t 

I 1 1 

l l i 

1 




! ’ S PLUS 

i a i 

BOF ! 41 

» 

1 

1 

1 




i t 

! ■ 1 PLUG M 10 X 1 - TEHETO AB 

i n i 

1 l 

BOF ! 8 ! 

I 1 

1 

1 

1 

1 




i i 

; • : orifice 

i a f 

i > 

BOF 1 2 S 

1 1 

1 

1 

i 

1 




1 ! 

! " iO-RING M 17.10 X 1.80 

1 i 

BOF i 4 : 

1 

I 

1 



. 

S ' SVITON 70 DURO 

1 1 

1 » 

1 1 

1 

! 

1 




l i 

! ' 10-RING M 4.00 X 1.80 

1 1 
BOF ! 21 

1 

I 




1 * SVITON 70 DURO 

1 l 

t l 

1 > 

1 1 

1 1 

l i 

1 

1 

1 

1 




1 1 

i l 

S i SUB-TOTAL 

1 1 

1 ! 

1 1 > 

1 

• 5 

: $ 12.00 





“ 9 * 


PAGE 12 OF 15 
H.T.I STIRLING 


ORIGIN AH PAT3E 33 

OF POOR QUALITY 


DATE: 


05-0 



l 

• 

1 

i 


: LABOR : 

1 TOTAL i 

1 MATERIAL 41 

> i 

I i 

i t 


i nr w 

1BTY. 

ICOST 8 $73 ! MATER IAL 

1 LABOR 1 PATTERN 

1 MATERIAL I 

! DESCRIPTION 

! EOF 

IRE3D 

I HOUR 1C0ST 

ICOST ICOST 

1 TYPE 1 REMARKS 


! 

ASSEMBLY ! CHECK VALVE BODY 

EOF 

1 


t 

112.00 1 $12.00 

CHECK 1 




] 

i 

VALVE 1 ASSY CHECK VALVE 

EOF 

2 


l 

1 

BODY 1 STRAIGHT FLOW 




$ 

i 

CYL 1 4 41 




l 

i 

" IASSY CHECK VALVE 

BOF 

4 


l 

! 

1 1 NINETY DEGREE FLON 




1 

1 

■ 1 PLUS 

« ! 

BOF 

4 


1 

1 

1 

' IPLUG M 10 X 1 TEMETO AB 

BOF 

8 


j 

1 

1 

i 

* i ORIFICE 

l 

BOF 

2 


! 

1 

1 

’ 10-RING H 17.10 X 1.60 

BOF 

4 


1 

1 t 

" IVITON 70 OURO 

1 ! 




! 

f 

1 10-RING M 4.00 X 1.8 

BOF 

2 


i 

" IVITON 70 CURD 

! 

1 

1 




r 

i 

i 

i 

» 

J 

I SUB-TOTAL 

f 

i 

J 

i 




r 

i 

i 

1 $12.00 

» 

t 

l 

i 


ASSEMBLY 

TUBE PORT SEAL' 

BOF 

1 


» 

t 

$4.00 I $4.00 


( 

1 

J 

PORT 





l 


! 

1 

SEAL 

> 

ELASTOMER - PORT SEAL 

BOF 

2 





n 

s 

SPACER - PORT SEAL 

BOF 

t 


> 

t 

J 


t 

• 

i 

■ 

H 

MASHER - PORT SEAL 

BOF 

1 


1 

1 

i 


i 

i 

a 

a 

NUT - PORT SEAL 

BOF 

1 


i 

i 

i 

l 


! 

1 

3 

ASSEMBLY PORT SEAL 

BOF 

l 


i 

i 

i 

l 

l 


1 

t 

} 


SUB-TOTAL 




i 

» 

1 $4.00 

l 

l 

l 

! 

J 

1 

1 


1 

f 

1 

i 

i 

1 

( 

1 


-1986 


97 


PAGE 13 OF 15 


H.T.I STIRLING DATE: 05-01-1986 


i 1 

1 1 

1 1 

1 1 

{ 1 

iPART NO. ! DESCRIPTION 

MIN 

BOF 

QTY. 

RESD 

LABOR 

COST ? $73 
HOUR 

MATERIAL 

COST 

TOTAL 1 ! 

MATERIAL 4! 1 

LABOR IPATTERN 1 MATERIAL 

COST 1C0ST 1TYPE 

! 

1 

REMARKS: ! 

' ASSEMBLY ! TUBE - PORT SEAL 

BOF 

i 


$4.00 

t t 

l i 

$ 4.00 : ; 


i run i i 





| ! 

i 

» 

! SEAL 1 ELASTOMER - PORT SEAL 

BOF 

i 



r t 

i ? 

t 

1SEAL i 






i 

! LEAKAGE 1 WASHER - PORT SEAL 

j n i 

BOF 

i 




i 

1 * 1NUT - PORT SEAL 

i a i 

BOF 

i 




i 

t 

i t 

i * 1 ASSEMBLY PORT SEAL 

! ! 

1 f 

BOF 

i 



i i 

• * $ 
t t 

i 

i 

i 

» 

i 

I 1 

1 1 

1 i SUB-TOTAL 

! i 

> 1 

I ! 





■ i 

i i 

i < 

$4.00 I ! 

i i 

i « 

t i 

t t 

t 

i 

• 

i 

* 

! 

1 

1 1 

! COOLER ! MACHINING - COOLER FINAL 

MIN 

4 

$46.55 

$80.72 

t i 

i i 

$127.27 ! 1 

» 

1 

1 ASSEMBLY 1 





t l 

1 ! 

t 

l 

! " 1 FLOW BLOCKER 

1 R ! 

MIN 

8 



t 1 

t t 

1 1 

t 

! ’ ! COOLER CYLINDER 

i n i 

MIN 

4 ! 



1 1 
1 1 

1 1 

1 

1 

i i 

! * ! COOLER SHELL SET 

1 It ! 

MIN 

4 ! 



f 1 

1 ( 

t 1 

i 

1 1 

' 1 ! TUBE - COOLER 

t l 

MIN 

1392 : 



t 1 

1 > 

1 1 

1 1 

1 1 

1 1 

! 

1 

( i 

l I 

1 ! SUB-TOTAL 

1 t 

< t 





t 1 

1 I 

1 t 

$127.27 I 1 

1 i 

l 

l 1 

! 1 

J REGENER- ! REGENERATOR PARTITION NALL 

MIN 

4 

$110.80 : 

$181.48 

i t 

i i 

$292.28 1 1 

I 

t 

I 

1 

: ATOR : 





i i 

t * 

J 

I 

! ASSEMBLY ! REGENERATOR STUFFER 

f R 1 

MIN 

4 



i f 

i < 

i 1 

f 

1 

I 

1 1 

! ' I REGENERATOR SEAL RING 

1 H | 

MIN 

4 



1 i 

1 i 

! 1 

1 t 

1 

1 

1 

1 * 1 REGENERATOR MATRIX 

• t l 

MIN 

4 



t 1 

t 1 

1 t 

1 1 

1 1 

I 1 

1 

t 

! 

1 

l i 

1 1 SUB-TOTAL 

l 1 

■ l 





1 1 

1 1 

1 t 

$292.28 1 I 

1 > 

1 • 

t • 

! i 

1 

! 

! 


ys 


PAGE 14 OF 15 
H.T.I STIRLING 


ORIGINAL P/.QT* 

OF POOR QUALITY 


DATE: 05-01-1986 


1 I 

i 1 

1 

» 

1 

1 


» 

1 LABOR 

! 

1 

1 

l 

1 TOTAL 
MATERIAL & 


i l 

1 ! 

1 1 

1 | 

1 1 

ININ 

i QTY. 

ICQST i 

*73 1 MATERIAL 

! LABOR 

PATTERN 

I MATERIAL I 

: PART NO. 1 DESCRIPTION 

IBOF 

IRE9D 

I HOUR 

ICOST 

ICOST 

COST 

1 TYPE I 


! ASSEMBLY-! POWER PISTON CONNECTING ROD 
i POWER ! 

iPISTON J POWER PISTON CONNECTING ROD 
I CONN . ROD! BOLT 


4 I tN.il 


«4.0O 

18.00 


*72.68 

* 8.00 


*7,500.00 


I NUT, HEX - PONER PISTON 
1 CONNECTING ROD 

MIN 

8 


42.09 

*2.00 



1 PONER PISTON CONNECTING ROD 
1 FINAL MACHINING 

MIN 

4 

*14.60 


*14.60 



1 PONER PISTON CROSSHEAD 

MIN 

4 

*7.30 

*4.00 

*11.30 

*2,500.00 


1 WRIST PIN 

HI* 

4 


*8.00 

*8.00 



1 SUB-TOTAL 





*116.58 



WELDMENT - PISTON - VENTED 
RINGS 

MIN 

4 

*14.60 


*14.60 



RULON LD 7.34-7.85 NIDE 
0.8 THK X 225.6 LG 

BOF 

8 


*8.00 

*8.00 


i 

ASSEMBLY - PISTON MACH INI N6 
AND RIDER RING 

MIN 

4 

*43.80 

MfVfVM 

1 *83.80 

*5,000.00 


PISTON R1N6 - SOLID 

BOF 

8 


*8.00 

1 *8.00 



PISTON R1N6 - SPLIT 

BOF 

8 


***.#» 

: ' *12.00 



EXPANDER RIN6 

BOF 

a 


*4.00 

*4.00 


! 

ASSEMBLY - PISTON ROD/BASE 
VENTED RIN6S 

MIN 

4 

*9.75 


*9.75 



ASSEMBLY - RADIATION SHIELD 

MIN 

4 






PISTON DOME 

MIN 

4 


*40*00 

*40.00 



SUB-TOTAL 





*180.15 


.9.9 : 


PA6E 15 OF 15 


H.T.I STIRLING DATE: 05-01-1986 







FART NO. 

REAR 

HOUSING 

ASSEMBLY 


tl y wheel 

HOUSING 

ASSEHBLY 


THERMO ELECTRON CORP. ORIGINAE PAGE IS DATE: SEPT. 23, 1R65 

COST STUDY OF ORGANIC OF POOR QUALITY 

RAM THE BOTTOM CYCLE 
SYSTEM 


MIN = MALE IN WORK S 
BOF = BOUGHT OUT FINISHED 


IPAGE 1 OF 11 

1 

* 

1 

t 

I ! 

: : labor 

? 

» 

t 

« 

I TOTAL 
MATERIAL i 


i 1 1 

• l > 

• 1 ? 


miw 

IQTY. ICOST - 

IMATERIAL 

! LABOR 

PATTERN 

MATERIAL ! 1 

I DESCRIPTION 

IBOF 

I REDD! HOUR 

iCOST 

ICOST 

COST 

1 TYPE 1 REMARKS ! 


GEAR HOUSING 

m 

1 

1127.75 

175.00 

1202.75 

$6,000.00 

DUCT IRON 

REFERENCE LAYOUT 100 
GBL 551 SHEET 1 & 5 

PIPE PLUS 1/8 

EOF 

T 

/ 


10.14 

$0.14 




SEAL. GEAR HSG. TO BLOCK 

BOP 

1 


10.50 

$0.50 




GASKET, GEAR HS6. TO BLOCK 

BOF 

t 


43.00 

$3.00 


SILASTIC 
RTV 1732 


DONEL PIN, 6R. HSG. TO BLK. 

BOF 

5 


15.00 

$5.00 




GASKET. BRACKET TO BLOCK 

BOF 



$1.00 

$1.00 




BRACKET, GEAR HSG. ANGLE 

fliU 


110.04 

$3.00 

$13.04 




BRACKET. GEAR HSG. SUPPORT 

HIM 


114.96 

15.00 

$19.96 




BOLT. LIFTING 

BOF 

n 

i. 







NUT 5/8 

BOF 

2 


$1.50 

$1.50 




CAPSCREW, BRUT. TO SR. HSG. 

BOF 

2 


10.50 

$0.50 




MASHER 

BOF 

2 


10.10 

$0.10 



; 

CAPSCREW BRKT. IQ BRKT. 3/8 

:bof 

i n 

i L 


: to. 40 

$0.40 




WASHER 

BOF 

\ 2 


10.10 

$0.10 




CAPSCREW BRKT. TO BLOCK 1/2 

BOF 

; 4 


*1.40 

$1.40 




WASHER 

BOF 

4 


to. 40 

$0.40 




SUB-TOTAL 





! $249.79 



; 


1 HOUSING, FLYWHEEL 

; 

m 

1 


1125.00 

$125.00 

*4,500.00 

DUCT IRON 


IASSEN8LY FLYWHEEL HOUSING 

l 

HI W 

l 

$219.00 


$219.00 



MACHINING ASSEMBLY 

'.SHAFT, IDLER 

BOF 

1 


$10.00 

$10.00 




SPIN, IDLER SHFT TO FLY HSG 
1 

BOF 

1 


$2.00 

$2.00 




% 

’.CAPSCREW, SHAFT TO FLY HSG 

BOF 

2 


$1.00 ! 

$1.00 




'.WASHER, SHAFT TO FLY HSG 

i BOF 

n 

L 


$0.50 ! 

$0.50 




10 RING, SHAFT TO GEAR HSG 

IBOF 

1 


$1.25 : 

$1.25 




1 GASKET, FLY HSG TO GR HSG 

I 

I 

t 

I 

1 

I 

IBOF 

1 


$3.50 ! 

1 l 

$3.50 


SILASTIC 
RTV 1732 



101 



APPENDIX 2 


THERMO ELECTON CORP. 

COST STUDY OF ORGANIC RANKINE 
BOTTOM CYCLE SYSTEM 


'"'RECEDING PAGE BLANK NOT FILMED 


BLANK 


103 


ORIGINAL PAGE IS 

mm hectrw rwr. OF POOR QUALITY date, sift. 23. \m 

r.nst study nr otsanic 
RANYINE WITOR CYCLE 
ststen 

him * nA»r in moot.* 

(HIT * MMCNf OUI FINISHIB 


t*»**»**t*T**«»«*««>»»»t*«*t**y***^«***tt*»***t»«*«*«*»*t»»t»»»»«*****^****»»*'’**««***»*«**»«****«»*»*««******«*******»*««*»*«»**« 


ipace 1 or y 

• 

• 

» 

• 

part m. wswriio* 

:hio 

\m 

urn. 

WOO 

i » 

i t 

IIAHOR 

ifOM i inirtAitniAi 
•HOUR trust 

! TOTAL 
I MATERIAL 4 
21AP0R 

:rwi 

PATTERN 

COST 

MATERIAL 

TYPE 

i 

i 

i 

i 

* 

REWARDS 

»«n 

war m$m 

mo 

1 

II2/./5 

2 $75.00 

1207.23 

11,000.00 

DUCT IRON 

REFERENCE LAYOUT 1001 

m$m ! 








SDL 531 SHEET 1 1 3 ! 

Assr 

mi \t\n Piw \i% 

* 1 

onr 

7 


10.14 

t*».14 



t 

• 

t 


! WAl, GEAR H56. TO PlUtt 

« t 

por 

1 


10.50 

*0.50 



* 

I 

• 


* » 

!6AS$.ET C GEAR MS6. TO KOCt 

por 

1 


$t.(Hi 

$3.00 


SILASTIC 

1 

2 


• 

» 

1 







RTV 1737 

» 


200*1 rm, 00 . K$6. TO PIT. 

t 

POT 

5 


15. (*•' 

$5.00 



2 

2 


1 

2PAKET, RRACHT TO MOCA 

POT 



II.Oo 

tl.OO 



I 

i 


jpMon, km m. A»Pit 

mu 


110.04 

IJ.RR 

$13.04 



1 


TMACm.KM MSA. SirrORT 

m 


$14.74 

$5.00 

IIY.T* 



t 

• 


:w f . 1 If TIM 

por 

7 






2 


:wt 5'P 

t 

oor 

7 


ll.5*i 

$1.56 



2 

i 


1 

TCftrSCREV, IWT. TO 69. H$G. 

ww 

? 


$0.50 

$0.50 



i 

i 

« 


! YASHfR 

oor 

7 


10.10 

$0.10 



i 

• 


JWtfKO MM. TO mi. 3/9 

pot 

7 


MMO 

$0.40 ! 



i 

t 


:mw*i 

por 

7 


10.1ft 

$0.10 T 


i 

« 


ICAR St REN WkT. 10 HOD 1/2 

pot 

1 ! 


$1.40 

u.w 



i 

• 


1 MASKR 

POT 

4 I 

$6.40 

10.46 



i 

t 


tnt 


fRTStlttll 





ruYKEi ihousin*. nrwcu 

Mi 

1 

: $177.00 

$175.00 

$4,500.00 

DUCT IRON 1 

housim i 

1 


1 


i i i 

asset 

•IT IASSEIM.V riTIMEEl HOMS INS 

Mi 2 

i 

i 

i 

»7i?.oo i 


1219.00 ! 

f 

1 



NACH1NIN6 ASSEIHY 1 

1 

• 


2 SWAM, IME9 

I 

por i 

1 


$10.00 

110.09 



1 

1 


!R|N, IDLER SHM 10 Hr HS* 

1 

POP 2 

i 

1 


$7.00 

$7.09 

2 

2 


•CAfSCRfN, SHAM TO TIT HSfi 

l 

POT ! 

* 

i 


11.00 

11.00 2 



1 

1 


issuer, wn to rw ww 

for • 

* 

< 


$ 0.50 

$0.?*' 2 



2 


:o sins. smi to rear m 

P(ir 2 

t 


n.23 

n.23 : 


i 

i 


:SA»IT. riT HS6 10 SR MSB 

Mir i 

1 


$3.56 

15.50 1 


SILASTIC 

1 


t 

l 

» 

9 




2 


RTV 9737 

0 

1 


IfATSCREN, riT MS? TO f» H» 

por j 



$o.;.o 

$0.30 2 



« 

1 


IMA-.HIR, TIT MAC 1(1 FA HS6 

A 

t 

1 

• 

t 

• 

pot 2 

t 

i 

• 

i 



I0.w3 

»0.«5 1 

1 

i 

1 


• 

1 

1 

« 

A 
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3333I3tm:l 




IFA6C 7 OF Y 

t 

fart no. iKsrRirTio* 


f i jlapok : i total hail: 

win wiy icosi i $73 ihater!ai st labor '.pattern 

wof ireqdihour icosi icosi icost 


MATERIAL 

TYPE 


REMARKS 


3ir!33t1«S»*»«3«3US3SST3*l«3Sm*«?SSS«« 


333133333333 




FlYNHFEl I 


HOUSING iCATSCREN, FLY HSG TO HOW 

woe 

; 

1 11.40 ! 11.40 

1 

l 


AS5C0M.T ! MASHER, F1 Y HS8 TO RLOCI 


7 

I ID. 28 1 10.28 

1 


CONTINUER I 

t 

• 


» J 

1 

t 


I IP 11 SEAL REAR CRANK 

t i 

IPPT 

! 

1 

! IJ.OO ! FJ.00 

t 1 

1 

t 

1 

' 

* • 

•SttYltft | 3333?r«*«»3S««tlll333«S13313S 

= J Y?3? 

3133 

333S3313S3 J 3333333333 \ 33**323*3* 

************ | ********* 


IDLER ! IDLER SEAR 

IPOF 


J | 

1 

i 


PEAR IASSEHPLY, IDLER SEAR 

I RHP 



1 

« 


ASSEHHY iSEAR, IHER 

1 POP 

1 

1 144.00 1 I44.n0 

1 

i 

1 

l ! PUSHING* IDLER SEAR 

i i 

• • 

I POP 

1 

I 

1 

I 15.00 1 13.00 

i « 

1 

. 

1 

i 


i * 

1 IT MRUS washer, idler sear 

! I 

t 

* 

IPOF 

1 

1 

2 

1 I 

i no .oo i no.oo 

t , t 

1 

t 

1 

i 

1 

t 


1 t 1 

• t » 

fttytsttttliysfiisitsiittsmtitftnsYfttJiTit 

ms 

i t 

1 

t 


CRANK SWAP 1 1 CRANK SWAT ? 

1 

1 


* » 

1 

t 


A35EHRLY 1 

t 



i 

* 


• rrRAIRSMAPI 

WOT 

1 

» * 

♦ t 

1 

t 


1 ISEAR, CRANK REAR SEAR TRAIN 

» i 

IPOF 

t 

1 

t * 

t t 

* * 

1 

i 

1 


* t 

I ICAPSCREN VS 6N 10 CRANI 

t 

IPO* 

* 

* 

* i 

t * 

t i 

t 

• 

t 


I WASHER SCAR TO CRANK 

i • 

• * 

IPOF 

t 

• 

* 

J 

t i 

• i 

* i 

1 

* 

1 

i 


» I it 

• » «t 

**** 

* i 

* t 

1 


riYMNEEl iriYMHEEl 

WIN 


■ i 

t * 

1 

1 


AS5EHHY ! 

1 

i 


i i 

* t 

t 

t 


1 IFl YNMEEl fRER APPLICATION) 

ININ 

1 1 

lit t 

■ •I • 


lELYNHEEl RINS SEAR 

* t 

IPOF 

t 

1 I 

i i 

t t 

i * 

1 


I ICATSCREN FL YNMEEl TO CRANK 

* 

IPHP 

6 1 

■ i 

• t 

t 

1 

i 

1 

! SMASHER FLYWHEEL 10 CRANK 

1 I 

IPOF 

i 

* 

b 1 

• « 

i • 

\ : 

• 

i 

1 

t 

l 

1 

VAPIW VAPOR GENERATOR ASSEHDLY 

IPOF 


'll, 21*0. 00 111,200.00 

1 


SENERATOR I 

i 

t 


1 1 

i i 

1 

1 


ASSCNRY IVATPR Gf AT BATOR ASSENKT 

:pnr 


1 1 

i i 

1 

i 


1 ! SHELL, OUTER 

IPOF 


1 1 

t 1 

1 

i 

1 

1 1 SHELL, INNER 

t i 

spot 


1 1 

1 

1 

1 

i 

I icon ASSY VAPOR SENERATOR 

i 

IPOE 


• t 

t 1 

» t 

i 

1 

i 

t 

i 

* 

1 IPIVERTER VALVE ACT. ASSY. 

IPOF 


1 1 

t t 

1 

i 

i 

t 

I 1 DIVERTER VALVE ASSCWLY 

i > 

WOT 

t 

1 

t 

1 • 

t t 

1 1 

1 

l 

1 

i 

• 

i 

1 ! INSULATION, SUEll 

t 

W*F 

* 

t 

t 

i 1 

1 i 

* . 

i 

1 

t 

t 

i 

« 

I SINSIPE CAN RAFFLE 

* t 

wot 

* 

• 

i 

1 l 

i • 

1 • 

1 

t 

i 

i 

i 

i 

» l 

! VAPOR SENERATOR 
• 

WOT 

• 

t 

• 

i 

t 

t i 

1 1 

• t 

• i 

t • 

t 

f 

t 

l 

t 

i 

i 

t 

i 

• 
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ORIGINAL PSGB TS 
OF POOR QUALITY 


4 OF « ! ! SIAM* 

j !H|M !PIY.!fO$l 9 II 

fani no. swstNiniw w :nio»:iiwn 

ft* -«•*-*••-??*-***••*•***"***•**** ***** *"** ********* ******** 


HIGpItfF t TtiRFIMF GIAN M« 

RIM 

i * 



MAR POX J 





ASSfMlT !«A* - SNAFf 

POF 

t * 

125.00 

•25.00 I 


!P£AA|MG ( ,PAU 

POF 

t * 

U.00 

•3.00 J 


! AIMING. tAll 

par 

t : 

•3.00 

13.00 ! 


toil. Sf At 

pnr 

i * 

tj.r*o 

•3.50 5 


!$F*U 

POF 

i : 

ii. » 

•1.50 5 


ISFAttN, KANINS 

POF 

I » 

12.50 

•2.50 J 


JO RING 

pflF 

i : 

11.00 

II. 00 1 


ISNAf RING 

• 

POF 

i i 

* 

10. 03 

<u. os : 

i 


i 

:r«EAR 

POF 

• 

1 ! 

135.1* 

j 

rs.oo : 


ISCAR - SHAFT, MAI 

POF 

1 J 

IS.iiO 

15.00 I 


SHARING. MU 

POF 

I S 

13.00 

••.oo : 


SPFAAINMAU DQUfiE RON 

POF 

1 J 

• 10.00 

•10.00 J 


iSNAT RING 

POF 

I J 

10.05 

•0.05 i 


JCAF-CSFN FEAN WRJNTINP 

POF 

t 

» 

10. w 

10.50 1 


JOIN*! SIAN NMNIINA 

POF 

9 

9 

M.00 

• 1.00 


J COVER 

PIN 

1 ! IH.T1 

HO. (Hi 

•74.07 


JO RING 

pnr 

i : 

11.50 

• 1.50 


JCAPSCHN 

i 

POF 

» 

♦ 

» 

10.23 

•0.25 


: twite 6FAS mi 

nin 

* 

•12.00 

•37. 5A 



9t»* 

imiifiifinn 




!OVERNUNN|Nfi CLUTCH 

( 

POF 

• 

I : 

i 

•250.00 

1250.00 


**n 




VIWAIINP iVIKAIINS ISOlAtlNS - 
ISA MING ItnUTlING ASSFN HI 

POF 

pnr 

i J 

» 

. 

•150.00 

1130.00 

ASSENHY ! SHAFT ISMATING 

pot 

i s 

I • 

t 

* 

i 

J 011(11 SHAT? 
» 

POF 

I : 
• 



• 

HOUSING' IUH 

t 

*t*t 

• 

mtlnmymt 

i 

• 

1 ! 

1 


itiiftnitS 

imtvtiri J fsrftiTttmtytttmamtvxm 

i 

• 

» 

f 

« 

t 

• 

i 

• 

i 

• 

• 


t 

♦ 

1 

• 

• 

1 

• 

1 

t 

I 

* 

1 

» 

! 




t 

* 

• 

i 

« 

i 

• 

i 

• 


i 

* 

* 

» 

* 

* 

i 

* 

i 

» 




»2,50«.00 


IJ. Ot*.* 

tttastttit* 


IWt«*fttt 


MOtW. Mil! 

MlfMM. !S l AM* irftfTCM JMIFMK. 

cost :tosi :n>5i myfi ikmmes : 

•niYifMj-t-YMfn-sjftmmfYMMtiMMwn-ftitntMiftitiM* 

s 

I 

OH SHAFT KITH ft Alt J 
DRIVING INTO SCAN 
TRAIN 


mtvtttr 


>«*ati**t 


ON SHF? KITH Ml l GR 


•‘sttttiamtftsttts 


i*«tta«ait» 


nttmii; 


:fant or isolaums i 

IASSENHY I 

! I 

J tttmttnmtmtft! 
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'PARC 5 OF I 

i 

i 

• IIAROR 

t 

i 

ITOTflt HAH! : : i 


1 

l 

:mw 

SOTY. ! COST f t73iHAIFRIAl 

!t lAMft iPATTERH iHATERIAl ! ! 

far? no. 

'.DESCRIPTION 

SPOT 

‘.REDD! HOUR 

IC03T 

!COSf iCPSt S TYPE ! RE IMRAS i 

jm*t5*tT«it;frrrs*?tanms*eiir??*?s 

?Sf?S?S 

js5t?jjms!ss*5y*tsm****!s*2«»»5tt«t****sss5»«*s*it«5ifiis«yyifittffaiyyi**a 

TWINE 

MUMINE ASS* SINGLE StAPC 

{ 

i 


lilt • 

• * . t 1 

ASSENPIY 

9 

I 

1 

i 

. 


: : : : \ 

SINGLE 

JASSY SINWE STAGE TOPPING 

{POP 

1 ! 114.97 


• 414.97 ! ! I 1 

STAGE 

IRE AH, PINION T URSINE 

I POE 

1 : 

r.o.(M> 

! 430.00 ! ! { ! 

t 

» 

{SHAFT. TURRINE 

!POf 

1 ! 118.73 

110.00 

! 428.75 S S i ! 

i 

i 

{REARING, PAU 

{ROE 

i : 

43.00 

I n.oo ! i i : 

i 

• 

I PE APING. RAU 

IROE 


H.M 

• thrift ! ; ; { 

* 

i 

ISPACFR, ENO 

IPOF 

1 ! 

• 1.5* 

1 41.50 J { ! ! 

1 

ILOCIINII 

! ROf 

1 { 

40. > 

i 40.50 I { { 

! 

ISPAEER, REARIN6 INNER 

!ROP 

i : 

43.Cn> 

! 41.00 II! I 

t 

i 

{SPACER, REARING OUTER 

ipor 

i { 

14.00 

J 44.00 { 1 ! ; 

t 

• 

ISPAl, TWINE 

5 POP 

t : 

40. 00 

: I6.oo : : i ! 

i 

i 

INMEEU TOPPING - GMAE1 

IHtN 

1 ! 436.50 

$300. («> 

J 4336.50 I 46,000.00 ! ! 1 

i 

i 

!PIUG, SHAPE ORIPUE 

iROf 

t : 

11.50 

{ 41.50 ; : : : 

i 

i 

1 

iSUNGER 

i 

IROP 

i 

i 

2 ! 

i 

i 

9999 1 »••••••«•* 

45.00 

i 45.00 : I • ! I 

• III ( 

• III 1 


i 

'MUM PLOW TWINE 

i 

:nin 

1 

. 

1 ! 17?, 00 

• * * MMW 

430.00 

, ♦•aasaaiya , ssattvittait } nisiim { tsviisyytyytsttiiftt ! 

I ! IS S 

! 4173.00 1 ! ! } 




!1NLE? HOUSING 


lit i t i i * 

i • i i i i i i 

:nm : i : im. 7 S i ho.oo : tn .73 i ti.ooo.oo : : 

*ii > • t t i 


tststtnTalrsit^fffSTiaaTtzttttsstasafsS??' 


HOUSING 

!EIHAUSI, HOUSING 

ININ ! 1 

• 411.75 i 470.00 { 

130.25 : 

ASSENPLT 

:n RING NETAUC 

{POP I 1 

1 • 13.50 l 

13.50 : 

1 

. 

10 RING NETAUC 

I POE ! 1 

i l 43.50 ! 

13.50 ! 

1 

ICAPSCREN 

•'POE ! 

I J 40.50 ! 

10.50 ! 


s | ?*** J msirsitt | s:s:nt«<s | iftitttmtt { rtatmss I ntnnnttststtsitt 

14,500.00 : ! 


: : i 

•aavTfititlav-ifr-tftssatftffTisfTttyitirjtmifSftiryttFmiflfiarMsnfftifffftstffliiannfytii'stivmtylifvvtnittitmtiatal 

J ? : : : s : : \ \ 


HOUSING 

!MSP. f HARI ? SINGLE STAGE 

ipnp { 

1 

454.75 

435.00 

IP7. 75 : 

12,500.00 

» 

ASSENPIY 

ICAPSCREN 

I POP { 

P I 


M.0*» 

44.00 : 


t 

* 

i 

• 

{HASHER 

IPOP I 

8 


40.80 

40. BO 1 


i 

* 

i 

i 

{PLUG 

IROf ! 

1 


10.25 

40.75 1 


i 

• 


ss«f 




iittissttstt 


lURPIHC 

ilURItm ASST SINGLE STAGE 

SPOT 1 


134.50 


134.50 : 


1 

END COVER 

1 

. 

1 1 

■ . 




1 


i 

ASSENPIY 

{COVER. TURNING SHAFT ENI 

I POE ! 

l 

*19.75 

4/5.00 

443.75 ! 

17,500.00 

1 

« 

. 

SO RING. COVER 

{POP 1 

1 


47.50 

42.50 I 


.t 

i 

t 

• 

!CAP SC REN 

!POf ! 

4 


42.50 

42.50 1 


i 

i 

i 

» 

. 

10 RING 

i 

• 

I POE ! 

i i 

■ t 

1 1 


41.50 

11.50 I 

# 

* 


* 

• 

i 

* 

PE11PVS 

ICONWCTION. U*!l* OUTLET* 

r, *»*a, 
1 POE 1 

1 : 


435.00 1 

433.00 : 


•ayyaisai J ryyyttiststayyyyyytt 

t 

ASSENKV 

: minus asst 

1 1 

• t 



1 

1 

1 


i 

i 

1 

!0 RING 

I POE { 

l s 


41.5* I 

41.50 { 

1 

I 

1 

ICAPSCREN 

I POE ! 



40.21 J 

4ft. 73 1 

1 

• 

• 

i 

INASHER 

1 

! POE I 

* i 



40.05 : 

i 

40.05 I 

i 

• 

i 

i 

i 

* 

i 


i 

» 

» i 

• i 

i i 

• i 

* 

* 


* 

i 

. 

i 

• 

i 

• 

i 

* 

• 

• 

i 

• 

• 

. 

• 

• 

i 

• 
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(PAGEBOY 9 ! : (LABOR t uoiai hath 

!lt|»-!(nv .'COST f I7J (MATERIAL (l IA POP (PATTERN 
PART NO. (DESCRIPTION IPOF IPEMIHOIR (COST (COST (COST 

(regenerator -condenser * :ww ! ( : »*75.oo i *B25.oa ! 


1 MATERIAL ! 

(TYPE (REHARAS 


I BOOST FUAf :B0F I I ! 1750.00 ! $250.00 ! ! ! I 


****-***** !*? a ******************* ?«*^***J f | *«**» * t?i 1 5?*!f ssssss J •s^trtsR* s | stststsmss { st tsssns { R«m«u«s«t nt«*««« { 

» ;i| » i ; i i i 

nuopiMs on nmr - fiwpimg i ; i i tis.oo i ns.oo \ \ \ i 

: s : : : : \ \ : \ 

si«*cfn«9{f«?s«;?Kn?t9S9VR«9«xt3stts3;J::»!«s«s!»9x«»si«!s3S3fs»i«j3in«siml«S3«sis«««ts!ntn»««{itsi3fNtnist«uif«| 


FILTER 

SF1LTFR ASSFHPLY 

IPOF ! 1 I 

! $15. CM) ! 145.00 ! 

t 

* 


(PIOURINOL CIRCUIT ! 

ASSEMBLY 

:nw FILTER 

!P0F ! 1 ! 

t « i 

• * t 

i 


t I 

i t 

1 

• 

’.flAWSF 

JBnr : i i 

i < t 

• • i 

t 

» 


1 » 

» t 

» 

triAMOE 

.’PDF ! 1 ! 

i * t 

* * • 

i 

t 


t 1 

t A 

1 

JFIAWE 

!P0F l 1 ! 

* i i 

* • . 

i 

• 


1 « 

• 1 

» 

!0 fi|W 

IPOF ! t ! 

1 * t 

t 

< 


t I 

1 t 

1 

INIPBU 

!P0f ! ! 

■ * 1 

» * t 

• 

t 


* | 

1 t 

1 

ICAPSCREW 

!P0f ! ! 

t i t 

i « » 

i 

t 


i 1 


pRACOfl 

mrnum 


PRAOET 


sntiiftttliRttstfMRtfssftft - msMtstsslKsi ' stssIsttssffSssSstsssMm ' stSfimu ;] 


PRAOET, SUPPORT RE6ENERAT0R 

!ItIW 

1 

MB. 2! 


$10.25 * ! 

CMOENCfR ASSY 

i 




i « 

» i 

CAPSCREW 

:P0f 

4 


10. w 

$0.60 l ! 

WASHER 

ipor 

4 


10.20 

$0.20 ! • 

[•?aTt?tfa-i«atastaf»ffaa«a*aa 

{***» 

**»*! 


SS«f?*ff5» 

J ********* *** { 

' BRACKET. F 11 TER ASSFWY 

;htw 

1 ! 

$18.25 


$19.25 I ! 

[CAPSCREW 

: pop 

4 ! 


10.60 

$0.60 ! * 

WASHER 

!B0f 

4 ! 


$0.20 

$0.20 » 


OIL COLlERiOll COOLER • TURBINE OIL 

:bof * 

2 ! 

t t 

t • 

MOUNTING IBP ATIET. OIL COOLER HTG. 

i hi v s 

1 ! 

: $ 15.00 

: (cat seif u 

.'PUP ! 

$ : 

» $0.60 I 

! (HASHER 

! PflP ! 

i : 

I $0.20 ! 


.■PtnpTEW pump - iuerine oil irue ! i i i tjo.OA ! *20.00 : : • • 

nnintK!»ttiMnmni 9 n«*<itntttif;!sn!n:t!>iiiiinn!tnntttt>;nmnnt!ii«t!!nnn>jtmniM!nntinminmin! 

: t : i 

115.00 i ! ! i 

io.ao : ! : 

w. 2 # t : : j 

***»»***»*! {**** !*»«*} m«s«iMi]ss»rf 3 stsi J rTS?f inti { *t«t«tiitvtv { tsttistt f J tfttitttt«tsyvtt«tti J 

(RfGERESAtW - CONDENSER ! ! I ! ! MO.OO ! tJO.OO IIS I 

(BOOSE PUMP - IURIIME Pit ( ! ! ! ! ( ! .! ! 

(PUMP * PURI I MR !!!!!! { ! ! 

J ** ** J **- * J ********** J ! ************ | >««•«»» ! t«»*f t««i*i»aat!tn { 

IFlUnBIWJlOUtlWl^OWCIISEt III! i $20.00 ! $20.00 lit ! 

: io wjost putt \ \ j \ : » * » 

********** ! ************** tfnjftttTfffMi |s* 3 !j*ir*! -nrf?*?!* J rsntitfi* } smsnxttsa | atHmat { ttstttmtstf *i«f t at | 


triUHPINS, P10UR (HPl, BOOST FUHF ! ! I ! I $20.00 ! $20.00 ! I ! ! 

I TO MITCH. !!!!!! I ! I 

********** ! ****************************** J rase J*s«i ',*******?*» { sat-aatan } a??amaaa J aaaaaaataata J asttataay { aaacia ttatata* taiiat { 


! r LIW»PIWS,FL0URIW0l .FILTER TO I ! I ! 

TEEO !W. I ! ! 


120.00 


$20.00 ! 
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nni><!:>tnMntttntHsnn»nK»n«i>ttitisK:>ttiini:iin:t>:t:tii»:nn:»<niinnn»nniiniinn»»nif 


true ; of v : : ilarur i iiotai nail: i : ; 

! WIN IQFY. ItHST P f 73 IHATEWIAt IF LABOR IPATTERN IM1ERIAI ! I 

PARI NO. I DESCRIPTION INDIE. IREODIHOUR ICOST ICOST ICOST I TYPE IRENARPS ! 

: imistsitit 3 iist !? ff 3 tx ;!: iTSfte 9 ;; ii ? tii : s 93 s :: 3 ST : tsssss 3 : s ! fts » s » i 3 xss : T 3 sss » xs « itittsm < i > mi ; i ; is » s » xiixtsitni>«ti 

:niiNPiNo,Dii.miiNF is oil : i ii : 170 . 00 : 120.001 i 1 : 

ICOOLER. I I I I I I II I 


(9ttssfitifsiss«»«ft«3Sii»s«S3{mfS«ie*!s«mcs«fs{ ts«*f**te! ti3:rtxs» | isststtxssis | nsii-tst | <i33a«Ys»isstRst««« { 


:FUiflP!NG f Oll,Oll COPIES TO 
t PESO 1 W. 


115.00 \ 113.00 ! 


«3tf3ir3S331«l9tt39«tlft33S«39 


I J 3833 { 3333313333 J 3333333333 | 3333333393 { 333333833333 { 333333833 { 93833399381333383383 J 


jriuHPiMR.PimmiNoi .turpiwc to s 

SCtWENSER. 


120.00 ! 


J 8393333333 { 3983333333 | 533**5**33 ! 331313333 333 {SCICSSC**’ 3IB8388S8333SS383333 { 


CONMECTIONICOMMECHPN.TUSpniC TO 
ASSEMBLY IRE PE WHOP (FLOURINOL) 

SHIM ! 

9 9 

1 9 

1 ! 

t 

r 

! 923.00 ! 

f 1 

1 9 

925.00 

! !PAS9ET 

SPOT ! 

1 ! 

; n.so : 

91.50 

\ SCAF5CREMS 

SM* S 

9 S 

S 90.60 S 

10.60 

! ! MASHERS 

» » 

SPOT S 

« 1 

4 ! 

» 

! 90.20 J 

9 1 

10.20 

: SCI AMF 

• 1 

SOOT S 

•3 t 
* * 

1 t 

: 97.00 ! 

97.00 


! »»«»««*,99.3I3*,*.,„„„ ! ««*« J393.I 3.33.399.3 J 899.39.833 J 139333333. { 339.81331333 J 3933.833. J 


339398899893333 


SFLUID REPEVIOA ASSEMBLY SPOT ! I \ ! 130.00 ! 130.00 i ! 

3983999339 J 99t8a9939t3393S3939S338>8 393?3 | 3383 j 1339 ! 3333X33333 J 9338393333 j 8393933893 I9933389S938S | 938 


RRAOET 

BRACT ET. FLUID RESEVIOA NT 6 . 

MIN 

I : s i is.oo 

915.00 S ! ! 

MOUNTING 

i 

i 

CATSCREM 

POE 

i ! 10. 75 

s S s 

90.73 S } S 

i 

i 

MASHER 

RPF 

S ! 90.20 

90.20 S S ! 

t 

* 

CAFSCREM 

m 

: : 90.50 

10.50 S S ! 

i 

i 

MASHER 

EOT 

: ! 90.20 

90.20 s : ; 

3331333:83 


csss 

CSSS { 9 C 1 CCCCSCS I CSC 3 CSSSCS 
1 1 

1 1 1 


ryur, vacuum 

FOE 

• • 

i : : irs.w 

9 1 1 

323.00 1 1 1 


,9....8889{9.9,9,99„,.98.,.„m93„,.„;999,|33.t;...,„.3.,!,.9,3„.8.J.93333...8!.....3,..,..|„,9.8.,9j...,.,..,9„ M „ f ,..| 


SFI UMIIN 6 »Fl 0 UAIN 0 l t TURBINE TO 
SFUTEA. 


i 120.00 ! 920.00 ! 


{FlUHflNp.ri OUR! MOL, FILTER TO 
! VACUUM TUNF 


: 120,00 : tro.oo j 


IFlUMAINO.rnniAINOl.VACUlR FUMT! 
:to resevipm. j 


S 970.00 ! 120.00 \ 

i i : 
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OF Pon D 1 nGE 15 

P °OR QUALITY 






'.PAGE 8 or f 

I 


: i ilaror : 

:mn iqty.icosi a ihihaterim. 

PAST AO. ! DESCRIPTION !P0* IREORIHOUR IC05I 

««ststtts«m}y < *jstft«»fifsr>f«TttKSi««t?«sRsscs 88 >tts«isi , i , n**«!* 8 **' 

!PI UARIAR PL00RIN0I .RFSEVIOR TO! II! I 120.00 

IIONPENSER .III I 

I III! 

yyttrftytt |t»**t**f»M«****”*ft*i**?^* 8 *! utijms! f js»t«sf* } ********** 


FEED FUN* IFEED rilMP I DRIVE 
It WIVE 
ASSEMBLY 




lASSIARt PEED PUT* - ELOUAINOt! ! 

i i 

M6.50 1 

i 

• 

$36.50 

1 I 

IHPUSIAE! PEED PUT* 

!MIN 

i : 

$36.50 1 

$20.00 1 

$56.50 

>7,500.00 INEEHANITEITTPE GA SO 

IFEED FOUR 

IPOf I 

• i 

I : 

» 

i 

• 

■ 

* 

• 

t 


• 1 

• 1 

1 1 

ICAPSr.REA PEED PUT* H0UNIIN6 

• * 
IPOF 1 

i : 

i 

• 

10.60 ! 

$0.60 

1 1 

! MASHER 

irop i 

i i 

i i 

i 

i 

• 

■ 

to. 70 1 

i 

10.20 

i i 

» « 

1 HOUSING, PEED PUT* DRIVE 

i » 

shim : 

9 

1 I 

• 

$36.50 ! 

l 

•10.00 1 

$46.50 

$4,000.00 IDUCT irons 

HEARING, PAU REM 

IPOF 1 

I ' 

1 

t 

$4.50 I 

$4.50 

IHRC 120/51 

!SNAP,RIN6 

IPOF ! 

i : 

1 

« 

$0.05 1 

$0.05 

S ITRUARC 15000-291 

ISNAMINS 

IPOF | 

1 ! 

• 

• 

$0.05 ! 

$0.05 

S ITRUARC IS100-U7 

'Oil SEAL 

ipor : 

1 1 

1 

t 

•7.50 i 

•7.50 

> t 

I REARING, RAIL FRONT 

IPOF 1 

1 1 

» 

i 

$3.00 ! 

1100 

IMRC 17065 • 

! SNAP RING 

t 

IPOf I 
* • 

1 I 

i 

i 

« 

i 

10.05 ! 
• 

10.05 

ITRUARC 13100-1 II 

• t 

1 

ISHAM.ORIVE FEED PUMP 

• » 

IPOF 1 

i 

1 I 

* 

) 

i 

i 

$ 17.00 : 

$12.00 

• ( 

l 1 

* i 

! SEAR, DRIVE FEED PUMP 

ipof : 

1 1 

i 

* 

$9.oo : 

•9.00 

1 1 

• • 

!>Ev>oowurr t/u i j 

ipof : 

1 ! 

i 

• 

$1.50 1 

$1.50 

S « 

10 RING HSR 10 FLY MSG 

i 

IPOF ! 

T 1 

I I 
* 

I 

i 

$t.50 : 
1 

$1.50 

1 ! S 

i ■ 

ICPVfR.FEED PUMP DRIVE 

• t 

miN : 

• 

t : 

< 

114.60 J 

1 

$5.00 : 

$19.60 

i » 

$2,500.00 : ! 

10 RING COVER TO GR HSG 

IPOF ! 

i : 

* 

« 

$ 1.50 : 

$1.50 

t 1 

1 1 

I CAP SC REN P.P HSG 10 P.P COVER 

IPOF | 

3 i 

• 

• 

$0.75 1 

•0.75 

: i 

! HASHER 

t 

* 

ipof : 

• • 

* • 

3 ! 

i 

• 

i 

i 

i 

• 

$0.25 1 

f 

1 

$0.25 

i i 

• > 

i • 

i i 

* 

• 

!PlUHPtNG # FlOMRINOL,FEED PUMP 

i * 

• < 

t i 

» • 

i 

t 

I I 

1 

I 

t 

1 

175.00 : 

$25.00 

i 

! 1 


TOTAL HATL: 

I LABOR ! PATTERN 
COST I COST 


t material 

'TYPE 


170.00 




I 






RE HARKS 




: TO REGENERATOR. 


Ill 




•*MM***«*I**»?I«*W.***t**SS***««****”***" I *””-* , *””*” ! '* T ****”-”” tS **®* T ”******* M *******”*** , **** t *’*’*** , ** M * 

im( , „ , • ! It AMR I {TOTAL HAIL! I i I 

, *niv letv.icnst » itjwaterial it labor .’pattern {material : 

PART NO . lOESCRIFItPN {POP 1RPOOIWHR ICOSt { COST ! COST ’TYPE IREHARAS • 



OIL PAN REAR DRIVE 1RAIN 

mu 

i 

t 

1 

156.1(4 I ISO. On 

i 

♦96. 04 

•3,500.00 

• * 

♦ * 

♦ 

» 9 

1 | 



*:r? 

rtts 

********** | ********** 

********** 




ASSEWLY OIL PAN 

mu 

1 

114,60 ! 

i 

114.60 


t > 

1 J 

mtttms 

SSStt»tT?t??f***«!SMSSTR»*e 

**=? 

**** 

********* *}********** 
i 

********** 

*-*******••» 

9 | 

oil m 

OIL r M 

mu 

1 

i 

i 



♦ 1 

♦ * 

ASSEWIY 

plate 

mu 

1 

• 

* 



t » 

* • 

« 

# 

pn 

mu 

7 

» 

• 

i 



i l 

» • 

♦ | 

• 

» 

* 

e«S«T.0U PAN 

Aor 

\ 

« 

« 



i • 

» • 

» 

• 

6A$>EI.0ll PAN REAR 

m 

1 

! II. SO 

11.50 


♦ • 

i i 

9 

l 

CAF5CREU 

POT 


! 15.00 

15.00 


9 1 

1 • 

• 

1 

HASHER 

m 


! 12.00 
» 

12.00 


t 1 

1 9 

J | 

mscuRts 


**** 1 

JTS« 

********** j ********** 
• 

********** 


f 


CONTROL SVSTEH 

m 

1 

» 

* 1305.00 

• 

1305.00 


1 

1 

♦ 

1 

mrsu?*: 


»?rs 

{■;:? 

**********1********** 

t 



1 


ASSEWE l«H 

mu 

1 

1242.00 I 

p 

1297.00 


• 

1 

1 

1 



titt 

tss? 

********** i ********** 

» 

• 

********** 


***«•*«**{ ******************** 

V 

t 


TOTALS 



• 

9 

11,314.4; '14,470.47 

9 

t 

•5,772.09 

•57,000.00 

1 

t 

f 

• 

1 

1 



***** 

5*« 

1 

1 

*********** ********** 

********** 

************ 

♦ 

t 


ALL COSTS ARE IN IMS DOLLARS. 

LABOR COST I HOUR IS tOHPLETE HAWf ACIWINS COST IHCLUDIW 
ALL OVERHEAR EIPERSES. 


R.L. LIRHET 1/23/03 
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APPENDIX 3 

FOSTER - MILLER INC. 

COST STUDY OF STEAM BOTTOMING 
CYCLE SYSTEM 
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FOSTER - HILLER INC. DATE: NOVEHBER 01, B5 

COST STUDY OF STEM 

B0TTQHIM6 CYCLE SYSTEH ' HIW = HAKE IM WORKS 

BOF » BOUSHT OUT FINISHED 


:ssi:ssss=sss=s==ssssss=*s=sss2s=ssss===ssssss:sss=s=srsss==ss=25ss;s5=5sssss====5=s==zss32==si3=ss=ssss==s:sss= 



[PAGE i OF 11 

i 

i 

i 

i 

i 

: : i 

! : LABOR 

[TOTAL 
i MATERIAL i 


i S i 

1 1 > 

1 1 > 


i 

!NIN 

IQTY. S COST ( $73!HATERIAL 

[LABOR 

PATTERN 

! MATERIAL ! ! 

PART NO. 

[DESCRIPTION 

:bof 

1 READ! HOUR 1C0ST 

[COST 

COST 

'.TYPE ! REHARKS ! 


= .- s -- s .-- 5; -------- 2SSS 5 SSSSSSSSSS=S3 ssss5=ssssssssssssssssssssssssss35sssssssssss5sssssasssssssssssss=ssssssssssas5ssssss;;;s;ssss 


HQUS1I 

•6, 6R. 

1 

HOUSING, SEAR REAR iHIN 

« 

1 

$127.75 

$90.00 

$217.75 

$7,000.00 

DUCT IRON 

I 



t 

SEAL 6EAR HOUSING TO BLOCK 5 BOF 

i 

1 


$7.00 

$7.00 






1 

DOWEL PIN SR. H0USIN6 TO BLOCK! BOF 

1 

i 

2 


$0.70 

$0.70 






i 

i 

SUB-TOTAL ! 




$225.45 





;s::: .. s . sssss ..... sss;:ss:::s s:s::s::5ss:::s:=ss:sssas:s3sssssss:::s:ssss:sss:ssssss3ss:s:::s:s5sss:s:ss:ssss::3:::s:::3s3:::ss:ss 


HS6. 

FLY*. 

H0USIN6, FLYWHEEL 

NIW 

1 

$131.40 

$79.95 

$211.35 



DOWEL, FLYWHEEL H0USIN6 

BOF 

2 


$0.50 

$0.50 



CAPSCREW FLYWHEEL HS6 TO BLK. 

BOF 

8 


$1.04 

$1.04 



WASHER 

BOF 

8 


$0.32 

$0.32 



CAPSCREW FLYW. HS6. TO SR. HS6 

BOF 

4 


$0.48 

$0.48 



WASHER 

BOF 

4 


$0.16 

$o.u 


SUB-TOTAL 





$213.85 


ss-sxasasssaaaaasaaasssssassaraaraaaaasasaaaaaaaaasrsaaaaaaxaaaaaaarxaaaaaxaaaaaasaaaaaaaaaaaaaxaaaaaaaxaaraasxssssaaarszasssssssass 


CRANKS 

HAFT 

CRANKSHAFT (REAR SEAR TRAIN) 

BOF 

1 









SPROCKET, CHAIN 

BOF 

1 


$14.50 

$14.50 






CHAIN, EXPANDER TO EN6. CRANK 

BOF 

1 


$24.00 

$24.00 





i 

DOWEL, FLYWHEEL 

BOF 

1 


$0.15 

$0.15 





SUB-TOTAL 





$38.65 
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ORIGINAL PAGE IS 
OF POOR QUALITY 


ORIGINAL' PAGE IS 
OF POOR QUALITY 


PART HO. 
FLYWHEEL 


HOUSING 
REAR OIL 
SEAL 


PAN, OIL 


13333 33S3 33 3SS33S33S333S38S3333333333333333S32ZS23SS3333S33233333SS2333333S333333333332S333333333S33S 333333 


IPAGE 2 OF 11 

.'III 1 

III 1 

: ; i labor : 

1 TOTAL 
i MATERIAL 1 

Pig 

1 1 
1 1 

1 1 
1 1 


ININ !8TY ICOST « $73! MATERIAL 

1 LABOR 


! MATERIAL ! 

! DESCRIPTION 

!B0F ! REQO S HOUR ICOST 

ICOST i 




1 3325 2222 322232^332 53 2 5 33 2223 3333 3222 353323 32 55 22 S3 32322225322322 2223 33 23522332 23222 2 25232323233333335 £5323 


FLYWHEEL ASSEMBLY 

HIM 

1 

FLYWHEEL 

HIM 

i 

6EAR, RIN6 

BOF 

i 

CAPSCREW FLYHHEEL TO CRANK 

BOF 

6 

OOHa PIN 

BOF 

2 


;53S23S533533333S333S33S3S33S333333333333333S33S33333X3 33333333333333 33323333333333333333 33333333333333333: 


HOUSING REAR OIL SEAL 

BOF 

1 

$48.93 

$29.00 

$77.93 

$3,500.00 


BASKET 

BOF 

1 


$0.50 

$0.50 



CAPSCREMS 

BOF 

S 


$1.50 

$1.50 



MASHERS 

BOF 

8 


$0.30 

$0.30 



SEAL, OIL 

BOF 

1 


$3.00 

$3.00 



SUB-TOTAL 





$83.23 




:3233 3333 2333 S3 33333232333333 333323333333333333333X333333X33333X323323333333333332323333323332223 3323 


i t 

PAN, OIL 

1 

HIH 

BASKET, OIL PAN 

BOF 

CAPSCREHS BLOCK 4 GEAR COVER 

BOF 

MASHERS 

BOF 


$71.00 ! $71.00 

i 

i 

$3.50 i $3.50 


CAPSCREHS 

MASHER 


BOF ! 4 
BOF ! 4 


$0.40 : $0.60 

$0.14 : $0.14 




! PAGE 3 OF 11 

i 

i 

l 1 l 

1 > l 

! TOTAL 

i i 

i i 


« 

i 


1 

t 

i 

! ! LABOR i 

MATERIAL It 

i i 

$ i 


» 

i 


1 

ININ 

I8TY. ICOST « $73! MATERIAL 

! LABOR 

PATTERN ‘.MATERIAL ! 


• 

PART NO. 

! DESCRIPTION' 

1BOF 

: REQD : HOUR iCOST 

ICOST 

COST ‘.TYPE 1 

REMARKS 

» 

i 


BOILER ASSY I BOILER ASSEMBLY 


I SHELL OUTER 

ISHELL INNER (HIRE MESH) 
! INSULATION 
! BARTER SPRING 
! COIL ASSEMBLY 
I CONNECTION NATER IN 
! CONNECT ION STEAM OUT 
IFLAN6E EXHAUST IN 
1FLAN6E EXHAUST OUT 
IFLAN6E BOTTOM HOUSING 
! INNER CORE 
I BOTTOM HOUSIN6 
! GASKET 
: CAPSCREW 
I WASHER 

! FLANGE BOTTOM HOUSIN6 
! SUB-TOTAL 



STEAM EXPANDER ASSEMBLY 


LINER (NITH EXH. MANIFOLD) 
GASKET LINER TO BLOCK 
CAPSCREW 
HASHERS 

SUB-TOTAL 


CONN. ROD 

» 

i 

! CONNECTING ROD 
ISHELL CONNECTING ROD 
IBOLT, CONNECTING ROD 

! 

SSSSSSSSSSSS! 

1 SUB-TOTAL 



PIN, PISTON 
BOLT, ROO TO PIN 

SUB-TOTAL 


ISSX32SSSSS a 
$11.00 

isassssssssa 

$11.00 

$2. BO 

$2.80 


$13.80 





















ORIGINAL' PAGE IS 

OF POOR QUATJTY 


535333535333 : 

PART NO. 

raassassssssassssssssssssssssss, 

•PAGE 4 OF 11 
DESCRIPTION 

:::ssssss:s::::s:::ss:=s::5ss:s 

5 333333335335333333 3333333333333 

1 1 1 

l i » 

: (labor : 

HIH (BTY. (COST « $73 (MATERIAL 
BOF (REDD (HOUR (COST 

(TOTAL 
MATERIAL 6 
(LABOR 
COST 

533 333333333: 

PATTERN 

COST 

MATERIAL 

TYPE 

REMARKS 

PISTON 

PISTON, SKIRT 

HIH 

2 


*7.70 

t 

*7.70 \ 


S3_333333333S33SS33333: 

ALUMINUM 


(PISTON, CROHN 

HIM 

2 


$6.50 

*6.50 ; 


STEEL 


S CAPSCREW, CROHN TO SKIRT 

BOF 

16 


$14.08 

$14.08 ! 




(RIN6, SEALING CROHN TO SKIRT 

BOF 

2 


$5.50 

$5.50 ( 




(RIN6, PISTON TOP 

BOF 

2 


$5.50 

$5.50 ( 




! RING, PISTON INTERMEDIATE 

BOF 

2 


$5.50 

$5.50 : 




IRIN6, PISTON BOTTOM 

i 

BOF 

2 


$5.50 

$5.50 : 




» 

! SUB-TOTAL 





_ 1 
$50.2S’( 



CAMSHAFT 

CAHSHAFT 


1 


*19,80 

$19.80 ! 




; SEAR, CAHSHAFT 


1 


$4.95 

$4.95 ! 




!NUT 


1 


$0.45 

*0.45 ; 




!KEY 

i 

BOF 

l 


$1.25 

$1.25 ! 




(BEARING, BALL CAM 

BOF 

1 


$4.25 

$ 

$4.25 i 




(BEARING, BALL CAM 
1 

BOF 

i 


$4.25 

*4.25 : 




:sss-ss: 

SUB-TOTAL 



9 


1 

*34.95 ! 



CRANKSHAFT 

CRANKSHAFT 

BOF 

1 

*88.00 

$88.00 






6EAR, CRANKSHAFT 

BOF 

l 

II 

*4.95 

*4.95 






BEARING CRANKSHAFT 

BOF 


^9 

$16.50 

$16.50 






SUB-TOTAL 



■1 


*109.45 




CLUTCH 

CLUTCH ASSEMBLY (EXPANDER 

1 

BOF 


3SS3335Z33: 

$75.00 

:333333S3S3: 

$75.00 

3333333333333 

333SSS33S3 

353333333333333333333! 



NUT, CLUTCH 

1 

BOF 


$1.00 

$1.00 






SUB-TOTAL 





1 

1 

'*4 1 
O' 1 
• 1 
O 1 

o • 
1 




:s:ss:ss::ss; 

:SS8X3SSStlSSZSSB33SSS3SnnSSSl 

bssxx: 

iSSSSSSXXS 33 S3 S3 3 

xssssssssss: 

333333333333 

33333333333333333333333333333333333333333333 

ISOLATOR ! TORSIONAL ISOLATOR ASSEMBLY 

I 

HIH 

$18.25 


$18.25 




ASSEMBLY 

(EXPANDER TO ENGINE) 











HUB, CLUTCH ISOLATOR 

1 

BOF 

$18.00 


$18.00 





(BUSHING, HUB 

2 

BOF 

*4.00 


$4.00 






LEAF SPRING 

20 (BOF 

$6.00 


*6.00 





! PLATE, RETAINER 

2 

BOF 

$0.20 


$0.20 





(RETAINER, SPRIN6 

1 (BOF 

$10.45 


$10.45 





(COVER, SPRING RETAINER 

1 

BOF 

$10.36 


$10.36 





(PIN, SPRING RETAINER 

4 (BOF 

$2.00 


$2.00 





(RIVET, SPRING RETAINER 

i 

9 IBQF 

i 

$1.20 


$1.20 





i 

(SUB-TOTAL 

1 

• 

1 

l 





*70.46 





TXT ~ 
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PART NO. ! DESCRIPTION 


SPROCKET 


SPROCKET, CHAIN DRIVE 
BUSHING , SPROCKET 
CAPSCREW 
WASHER 

SUB-TOTAL 


1 I LABOR 
HIM IQTY.ICOSTB $73 
BOF I REDD! HOUR 


1 i BOF 1 
1 1BOF 
6 i BOF 
& 1 BOF 



MATERIAL 



H5S. , 0 SEAL [HOUSING, OIL SEAL EXPANDER 
1 '.OIL SEAL 

1 1SASKETS 

[ [CAPSCREWS 

: [WASHERS 

I 

I 

1 SUB-TOTAL 


HI W ! 1 
BOF I t 
BOF ! I 
BOF ! 4 
BOF J 4 


$15.00 

$3.75 

$1.50 

$ 1.20 

$ 0.20 


$3,000.00 


FLYHHEEL 

FLYWHEEL 

HI W 

1 


$33.00 

$33.00 

$3,500.00 



i 

i 

6UARD, FLYWHEEL 

BOF 

1 


$4.75 

$4.75 




i 

t 

CAPSCREWS 

BOF 

a 


$1.60 

$1.60 




i 

i 

WASHERS 

BOF 

8 


$0.24 

$0.24 





SUB-TOTAL 

! ' 




$39.59 

>•*25523 S3 33 2 

Z3IXS3SSS 

*3**- 

HEAD EXP. 

i 

[HEAD, EXPANDER 

1 

1 

IHIW 

i 

i 

[ 2 

BSS3SS3SSX3. 

1 

1 

! $73.00 

i 

1 $6.60 

$79.60 

$5,500.00 


1 

1 

I 

1 


BASKET, HEAD 
CAPSCREW, HEAD TO BLOCK 
HASHERS 

SUB-TOTAL 


-rar 







OF 


i l 

i l 

i ! LABOR 

HIM IQTY. ! COST t (73 
BOF ! READ! HOUR 


STEAM RELIEF 

STEAH RELIEF VALVE ASSEMBLY 

BOF 

1 

VALVE ASSY. 






INSERT, RELIEF VALVE 

BOF 

2 



BODY, RELIEF VALVE 

BOF 

2 



VALVE, RELIEF 

BQF 

2 



HASHER, BODY 

BOF 

2 



TAPPET, INTAKE VALVE 

BOF 

2 



SOCKET, TAPPET 

BOF 

2 



SUB-TOTAL ! 




I 

HS6. INT VLV! HOUSING INTAKE VALVE V NFLD. 
! ! VALVE, INTAKE 

! INSERT, INTAKE VALVE 
; I GUIDE, VALVE 

: : VALVE LASH ADJUSTER 

: ! PUSH ROD 

! ! SPRING, VALVE 

: ! RETAINER, VALVE 

! ! COLLET 

: I TUBE, PUSH ROD ENCLOUSER 

: I RETAINER SPRING TUBE 

I 10, RING INT HS6 HT6 TO BLK. 
i i CAPSCREW HOUSING HQUNTIN6 

! ! GASKET, INT. HS6. TO HEAD 

I '.CAPSCREW , INT. HS6. TO HEAD 
: : HASHER, INT. HS6. TO HE AO 

I I 

• I 

1 I 

I I 

! ! BODY 

; : HASHER 

I 

» 

! SUB-TOTAL 


TUBE 

INLET TUBE, BOILER TO EXPANDER 

BOF 

2 

1 

1 

FLANGE, INLET TUBE 

BOF 

2 

1 

1 

CAPSCREH 

BOF 

4 


SUB-TOTAL 




:nin : 

2 

:bof ! 

2 

1 BOF : 

2 

!BOF : 

2 

! BOF : 

2 

:bof : 

2 

:bof i 

2 

BOF i 

2 

ibof : 

4 

BOF : 

2 

IBOF 1 

4 

IBOF 1 

2 

IBOF 1 

4 

IBOF : 

I 

IBOF 1 

2 

IBOF : 

1 t 

l l 

2 

l 1 

1 l 

IBOF : 

2 

IBOF 1 

2 
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DESCRIPTION 



I I 


(30.00 1 

$139.50 1 $4,500.00 

(6.00 I 

$6.00 1 

(0.76 1 

$0.76 1 

(1.20 1 

$1.20 1 

(3.00 1 

$3.00 1 

(4.00 ; 

$4.00 ! 

(0.52 I 

$0.52 1 

(1.50 1 
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Integrated Bottoming Cycle for Truck Diesel Engines 

by 

Raj Sekar and Roger L. Cole 
ABSTRACT 


This study was undertaken to assess the feasibility of 
Incorporating a Rankine Bottoming Cycle as part of a truck type 
diesel engine. The Organic Rankine Bottoming Cycle (ORBC) that 
was previously demonstrated by the Department of Energy (DOE) in a 
heavy duty long haul truck showed about 122 Improvement in fuel 
consumption. However, that system was considered to be too 
complex and costly to be commercialized. The Integrated system 
described here is an attempt to simplify and reduce the cost of 
the ORBC system. The main features of the Integrated system are: 
1. One cylinder of a six cylinder truck diesel engine will be 
used for power recovery, rather than the turbine and reduction 
gears employed in the previous ORBC system. 2. Same fluid will 
be used for engine cooling and as working fluid in the bottoming 
cycle. 3. The radiator used to cool the engine coolant will 
serve as the condenser for the bottoming cycle as well. Toluene 
and steam were considered in this assessment and it was concluded 
that steam will be more practical working fluid. Steam at 1000 
psi, partially vaporized to about 332 saturation in the cylinder 
head and superheated in the evaporator, is the recommended working 
fluid. The heat exchanger sizes are smaller than the previously 
demonstrated ORBC system but still may pose a challenge in under 
the hood installation of a truck. Design and layout drawings and 
cost comparisons are beyond the scope of this effort by ANL and 
are being done separately by the sponsors. Overall the concept 
appears to be feasible. 


1. IHTRODOCTION 

Rankine cycle has been the mainstay of industrial and utility power 
generation for over a century. In these applications fuel Is directly burned 
in boilers to generate steam, which is then used for driving a prime mover to 
generate power. Simultaneously diesel engines were developed to be a highly 
reliable prime mover for transportation and stationary applications. It is 
generally well known that both Otto cycle and Diesel engines have thermal 
efficiencies in the 252-402 range. This means the remaining fuel input energy 
of about 602 or more is lost to the ambient through the coolant and the 
exhaust gases. Reacting to the petroleum price escalations and shortages of 
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the 1970's, governement arid industry started research work on utilizing the 
wasted exhaust energy from engines to generate useful power. The U.S. 
Department of Energy funded the development and demonstration of the 
turbocompound system (Ref. 1,2,3) and Organic Rankine Bottoming Cycle (ORBC, 
Ref. 4,5,6) for long haul heavy duty diesel truck applications. The efficient 
recovery of waste heat becomes even more critical for adiabatic diesel engine 
concept, which has been getting considerable attention in recent years. The 
complexity and cost of implementing the ORBC system in a diesel truck have 
been the main reason for the Industry's reluctance to commercialize the 
concept. A comparative evaluation of the waste heat recovery systems is 
reported in Ref. 7. It is clear that unless significant cost reduction and 
simplifications are demonstrated, ORBC will not be attractive to ‘ the 
Industry. Cummins Engine Company and Argonne national Laboratory (ANL) 
undertook this feasibility study to make the Rankine Bottoming Cycle (RBC) 
more practical and attractive for commercialization. 

2. DESCRIPTION OF THE CONCEPT 

The basic ORBC system is shown schematically in figure 1. The working 
fluid forms a separate loop with its own evaporator and condenser. The engine 
exhaust gas is the source of heat and a power turbine extracts work from the 
working fluid and, through reduction gears, feeds the power to the crank- 
shaft. The features included in the Integrated system are: 

a) The power recovery turbine and reduction gears are eliminated and 
one of the existing power cylinders is used for the bottoming 
cycle. 
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b) The working fluid for the bottoming cycle is the same as the engine 
cooling fluid. 

These two features have system simplification and cost reduction 
potentials. The engine coolant is pre-heated in the head and therefore has 

the potential to reduce the size of the evaporator. The schematic diagram of 

»- 1- - i - - J 1- J «• a<m4 a nr auaI a 4 a a K Ar.vn 4 m P4 «*a *7 C^nna a 1 oraa 
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percentage of truck diesels have aftercoolers, air-to-air heat exchangers 
would be used for that purpose. This approach will allow the coolant to boil 
in the engine without adversely affecting intake air temperatures. Oilcooling 
might be done with engine coolant without adverse effects. A portion of the 
coolant is diverted to the inlet of the booster pump where the coolant is 
pressurized to 1000 psi before it enters the engine cylinder head. While 

cooling the head, the coolant is vaporized and steam at an estimated quality 
of 33Z would come out of the head. This working fluid is then routed through 
a waste heat recovery heat exchanger where superheated steam at 1000 psi is 
produced from the energy in the engine exhaust gases. This superheated steam 
is then expanded in one cylinder of the engine. The power generated in this 

cylinder is designed to be 1/6 th of the rated engine power of a six cylinder 

truck engine. The exhaust steam is then routed to the truck radiator, where 
it mixes with the rest of the coolant from the engine and condensed. In order 
to improve the thermal efficiency, sometimes a regenerator is also included in 
the system. However, in this application Installation space is limited. 


Hence use of a regenerative heat exchanger in the cycle is not advisable. 
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3. SELECTION OF WORKING FLUID 

Several organic fluids have been considered for use in the bottoming 
cycle. Most common among them are Toluene, Fluorinol 85 and RC-l (60Z penta- 
f luoro-benzene, 40Z hexa-f luoro-benzene). The DOE demonstration truck used 
Fluorinol 85. Obviously water has to be considered as a candidate. In 
addition to the shape of the temperature - entropy diagram, toxicity, 
degradation temperature, products of decomposition, fire hazard and other 
physical properties of the fluid must be considered in the selection of the 
working fluid. Since availability and cost are always Important commercial 
concerns, these characteristics should also be kept in mind. Since the 
working fluid is the same as engine coolant, the selected fluid should also 
have good specific heat and other properties required of a coolant. From 
literature search and previous work done at ANl, the following tables (Tables 
1-5) were prepared for a few candidate fluids. 

Table 1 contains characteristics of various organic rankine cycle 
fluids. The significance of the various columns is as follows: 

Average molecular weight: A high molecular weight Implies a dense 
vapor in the condenser and a smaller, less costly condenser. A high pressure 
at 220 °F also implies a dense vapor in the condenser. If the condensing vapor 
were a perfect gas, its specific volume would be: 

m.w. P / 

where m.w. is the molecular weight, R is the universal gas constant, T is the 
absolute temperature, and p is the absolute pressure. Although the condensing 
vapor is not a perfect gas, the perfect gas assumption gives a rough estimate 
of specific volume that is adequate for ranking the various fluids. 
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Maxima use temperature: A high maximum use temperature Implies a high 
theoretical cycle efficiency and maximum extraction of usable energy from the 
waste heat. Only the values for Fluorinol 85, toluene and water are well 
known; values for the other fluids listed should be considered optimistic 
because .they are based on static capsule tests. Table 2 gives some rules of 
thumb for estimating the decomposition temperatures. Maximum use temperatures 
will be 100-300°F less than the temperatures given in Table 2. 

Given an 1100°F exhaust temperature and a 220-250°F condensing 
temperature, the best fluids can be expected to have about a 20Z theoretical 
cycle efficiency. Therefore, fluid characteristics other than theoretical 
cycle efficiency are likely to have a major influence on the choice of fluid. 

Flow or Freezing Point places a lower limit on system operation 
although an automatic drain-down system could be designed for a water system. 

I-factor is formally defined as: 



where D refers to the dewpoint line. Fluids with I greater than about 1.0-1. 3 
may not operate satisfactorily with turbine expanders, but may be acceptable 
with positive-displacement expanders (i.e. piston-, vane-, or screw-types). A 
regenerative heat exchanger will be required for small I-factor fluids, but 
for I-factors greater than 1.0, the regenerative heat exchanger may not always 
be required. 

Pressure at 220*P: In addition to giving information on the condenser 
volume, (see also average molecular weight), the pressure at 220°F gives an 
indication of whether air could leak into the system and oxidize the fluid or 
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whether the fluid could leak out through shaft seals, piston rings, valve 
packings, and so forth. 

Toxicity gives an indication of hazard to personnel. Table 3 (from I. 
Sax, Dangerous Properties of Industrial Materials) defines the various levels 
of toxicity as used in Table 1. For comparison purposes, gasoline is rated a 
moderate-to-high hazard via inhalation. 

Fire and Kxploslon Hazards are further indications of hazards to 
personnel. Table 5 (from I. Sax, Dangerous Properties of Industrial 
Materials) defines these hazards. For comparison, gasoline is a dangerous 
fire hazard and a moderate explosion hazard. No. 2 diesel fuel is a dangerous 
fire hazard. Additional fire hazard data is given in Table 5. 

Toxic Decomposition Products & Toxic Partial Oxidation Products: These 
products are listed where they are known even if they are produced in very low 
concentration. 

From an analysis of known properties discussed above, water and Toluene 
were chosen as the two practical fluids for this application. Water is a 
benign liquid that is easily available and has been widely used both as 
coolant and Rankine Cycle working fluid. Hence its acceptance will be easy. 
Besides steam reciprocators are well understood in practice. However there is 
one Important concern with water: It freezes at 32 F. Trucks commonly use 50Z 
ethylene Glycol - Water Mixture. This mixture as bottoming cycle working 
fluid would create problems with high temperature oxidation and decomposition 
products. This issue has to be recognized and solved during experimental 
phase of the project. For this feasibility study, steam and pure water 
properties were used. Among the organic compounds considered toluene appears 
to be the most suitable. Availability and cost of toluene are reasonable, 
primarily due to the industrial research on this fluid over many years. Hence 
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water is recommended as the primary fluid and toluene is the second choice for 
this application. 

4. CYCLE ANALYSIS 

Thermodynamic cycle analysis was performed for the following cases: 

1. Steam at 1000 psi pressure as working fluid. Four 

levels of feed water preheat were considered. 

2. Steam at 500 psi pressure as working fluid. Four 

levels of feed water preheat were considered. 

3. Toluene at 500 psi as working fluid, without 
regeneration. 

4. Toluene at 500 psi as working fluid, with regeneration. 

The following assumptions were made in all the analyses: 


Exhaust gas flow rate 50 Ibs/min 

Exhaust gas inlet temp to evaporator 1100 F 

Expander efficiency 70Z 

Booster pump efficiency 70Z 

Expander outlet pressure 30 psi 


The various cycles analyzed are presented in figures 3-6. The cycle 
calculations are described in full detail for the case of steam at 1000 psi. 
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All other cases followed similar logic. 

State point 1 refers to water at the inlet to the booster 
pump, 30 psi pressure, liquid state 

State point 2 refers to water at the outlet of the booster 
pump, 1000 psi pressure, liquid state 

State point 3 corresponds to the pure liquid state of 1000 
psi steam. The process represented by 2 - 3 is the feed 
water preheating phase, which is accomplished to varying 
degrees in cooling the cylinder head. Cummins estimated 
that the maximum preheating that could be accomplished 
within the engine is to generate 33% quality steam, which 
then can be superheated in an evaporator. The main impact 
of preheating the working fluid in the engine is to reduce 
the size of the evaporator. 

State point 4 corresponds to the saturated steam state of 
the working fluid. The working fluid is brought to this 
state by a combination of preheating in the engine and 
evaporation in the boiler. 

State point 5 is the superheated state of the working 
fluid. Process 4-5 is the superheating process 

accomplished in the evaporator. 
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Process 5-6 is. the expansion of the working fluid in one of the power 
cylinders of the engine. It is in this process that exhaust energy is 
recovered as useful power. State point 6 is selected to be on the 30 psi 
pressure line and to conform to our assumption of 70% isentropic efficiency. 

Process 6-7 is the condensation of the superheated steam from the power 
cylinder exhaust to the state of saturated steam. Process 7-1 is the 
continued condensation to pure liquid state. The entire condensation process 
is to be accomplished in the radiator. 

The diesel engine exhaust gas enters the evaporator at 1100 F and 
transfers the energy to the working fluid as shown by the line marked "exhaust 
gas". The slope of this line is chosen to provide reasonable temperature 
differential in the evaporator, especially at the "pinch point", which is the 
state point 3. 

The cycle analysis for the case of steam at 1000 psi is shown in detail 
in Table 6. Results of similar analysis for the other cases are shown in 
Table 7. It is Important to note the difference in the shape of the 
saturation curves for steam and toluene (figures 1 and 3). It Is due to the 
shape of the curve that toluene requires a regenerator to avoid efficiency 
loss. It can be clearly seen from figures 3 that the working fluid (toluene) 
still has considerable amount of energy after expansion in the power cylinder, 
and that a large condenser is required to bring toluene back to the liquid 
state. The calculated cycle efficiency is in the 20% range for the bottoming 
cycle and this agrees with previous estimates. 

5. HEAT EXCHANGER CONSIDERATIONS 

Design, construction and installation of the evaporator poses the 
biggest challenge in a practical application of the bottoming cycle In a 
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truck. Even though the DOE demonstration truck provided a solution, a 
production version should be much more compact and cost effective. The 

integrated concept studied here provides an opportunity to make the bottoming 
cycle part of the engine and, therefore, should be under the hood of the 
truck. The critical component to make such an installation possible is the 
evaporator. This section describes a first cut at the design of the 
evaporator. 

For the purpose of analysis, the evaporator is divided into three 
distinct sections, namely the economizer, the evaporator and the 
superheater. Since the source of heat for this heat exchanger is exhaust gas, 
tube and fin type heat exchanger should be used with the exhaust gas passing 
over the fins. The tube side heat transfer coefficient can be calculated from 
equation (1). 

Nu ■ Re '.8 Pr Ik Eq. (1) 

where: 

the Reynold's number. Re - VD/j> , 
the Prantl's number, Pr « cp/k and 
the Nusselt number, Nu * hi D/k 

The heat transfer coefficient on the exhaust gas side is of the orderof 
10 Btu/(hr-ft2- deg. F). Since the tube side heat transfer coefficients are 
generally two orders of magnitude greater than the fin side heat transfer 
coefficients, the overall heat transfer coefficient is essentially limited by 
the gas side. Reference 8 recommends a value of 5-6 Btu/(hr-ft2- Deg. F) for 
the overall heat transfer coefficient for a heat exchanger with 1/8" thick 
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steel tube. A value of 5.5 was used in this study. Table 8 gives the 
calculated heat transfer surface areas and box volumes for the evaporator for 
the various cases. Since the box volume is of great importance to the engine 
designer, these results are also shown as graphs in figures 7-9 compared to 
the demonstrated system in the DOE truck. Figure 10 shows one practical 


J * -C 

ucoigu Wt 


•.u- 

luc cva[iVi.aLOLt 


c-a — Li 

L4.UO OLC OUUJCVL 


c 11 — 

LV I. WU-t.i.Ug ) 


the recommendation of a heat exchanger manufacturer (Ref 9) should be followed 
and the fin spacing should be limited to 6 fins/inch. 

An examination of figures 7-9 indicates that the evaporator size would 
be smaller in this Integrated bottoming cycle compared to the unit in the DOE 
demonstration truck. However, the actual size is still too large for "under 
the hood" installation unless some clever packaging is designed. 

The condenser part of the bottoming cycle is the same as the truck 
radiator. Slightly superheated steam from the expander outlet mixes with the 
engine coolant at or just before the top tank of the radiator. Since the 
pressures of the two streams are designed to be the same, it is expected that 
the mixing process alone will condense the superheated steam into atleast 
partilly saturated steam. This assumption is reasonable due to the fact that 
the mass flow rate of the working fluid is much smaller than the mass flow 
rate of the engine coolant. In order to handle the extra heat load, it is 
estimated that the radiator will have to be enlarged by 25-30Z. More detailed 
description of the methodology and economic analysis of the bottoming cycles 
with various working fluids can be found in ref. 10. 


6. OTHER DESIGN CONSIDERATIONS 

The major difference between this system and the DOE demonstration 
truck system is the power expander. It is proposed that one of the six 
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ayli’ders of the engine be used as the power recovery device. Such a 
reciprocating expander has been studied before (ref. 6,11). Besides, steam 
reciprocating engine concept is quite old and well known. However, when the 
reciprocator is integrated into the diesel engine, several design Issues must 
be addressed. The speed and power output of the expander must always be the 
same as the rest of the cylinders. In a transportation application this might 
pose a problem at light loads, idle and low speeds when the bottoming cycle is 
not very efficient. The expander cyli'der will produce power every revolution 
whereas the rest of the cylinders of a Cummins engine operate on a four stroke 
cycle. This means the cam and the valve systems for the expander must be 
different than for the other five cylinders. The intake valve should be open 
very rapidly to allow all the working fluid into the cylinder quickly and 
still have adequate time for expansion work. The exhaust event can be more 
gradual. The displacement of the expander is determined by the "swallowing 
capacity" needed to accommodate the required mass of the working fluid at the 
lowest pressure in the cycle. This calculation is illustrated in Table 9. 
The same cam that operates the valves and the Injectors in the five diesel 
cylinders can be used for the expander, if the required valve events could be 
accomplished by simple modifications such as double lobed, steep ramp cam 
profile. Some innovative valves such as sliding valves should be considered 
for the expander cylinder. While these changes appear to be difficult, this 
approach has the advantage of eliminating the turbine and the gear train. A 
detailed analysis of the reciprocating expander should be done in the next 
phase of the concept evaluation. 
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7. CONCLUSIONS 


1. The Integrated rankine bottoming cycle Is a feasible 
concept for truck applications. This concept presents 
significant cost reduction and system simplif ication 
potentials for the ORBC system which has been 
previously demonstrated* 

2. Evaporator size could be significantly reduced compared 
to the ORBC system. But the size Is still quite large 
and requires Innovative ideas for under the hood 
Installation. 

3. Steam at 1000 psi pressure Is the first choice for the 

working fluid and toluene at 500 psi is the second 
choice. Evaluation of the suitability of 50- 50 

ethylene glycol / water mixture as working fluid should 
be more thoroughly Investigated. 
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FIGURE I Schematic Diagram of the Organic Ranklne Bottoming Cycle 
Demonstrated In a DOE Test Vehicle 

(Figure adopted from Reference 4) 


5 





Steam at 1000 PSI 



(1) Six cylinder track diesel engine 

(2) Engine head 

(3) Main engine coolant puap 

(4) Bot toning cycle booster pimp 

(5) Evaporator 

(6) One cylinder of the engine used as bottoming cycle expander 

(7) Truck radiator, also condenser for the IRBC 


FIGURE 2 Integrated Ranklne Bottoming Cycle (IRBC) Concept 
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FIGURE 3 T-S Diagram of the IRBC: Steam at 1000 PSI aa Working Fluid 
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FIGURE 4 T-S Diagram of IEBC: Steam at 500 PS I as Working Fluid 
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FIGURE 3 T-S Dlagraa of IRBC: Toluene at 500 PSI with Regeneration 








! 



149 












EVAPORATOR VOLUME, . ft 


Cl 


FIGURE 


EVAPORATOR SIZE FOR THE INTEGRATED RANKINS 
BOTTOMING CYCLE FOR TRUCK DIESEL ENGINE 


Sream <? ]000 PSI 



Working Fluid InleC Temperature to 
the Evaporator, *F 

X- Department of Energy Demonstration Truck 
Evaporator Designed & Built by 
Thermoelect ron 

Evaporator Size for the Integrated Ranklne Bottoming Cycle 
for Truck Diesel Engine - Steam 3 1000 PSI 
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Evaporator . Volume, 'ft 









Tube 

Outside Diameter « 1/2 M or 5/8" 
Wall thickness = 0.04" to 0.05” 
Material ■ carbon steel 
pitch p * 3/4" 

Fins 

Thickness = 0.015" to 0.020" 
Material “ low carbon steel 
No. of fins/inch = 6 


Multiple tube and fin compact 
Heat exchange design is recommended. 

Brazed tube to fin joint should be used 

Overall dimensions to suit packaging on the engine 

Total Fin . surface area should match the figure 
chosen from the graphs. 


FIGURE 10 Evaporator Tube and Fin Details 


153 



Table 1 Fluid Characteristics 


GINAU PAGE IS 
POOR QUALITY 




t ' Table 2 Thermal Stability Buies of Thumb 


Aliphatic Compounds 

Generalized 

Structure 

Approximate 

Decomposition 

Temperature, 

alcohols 

rch 2 oh 

250 - 650 

amines 

rch 2 nh 2 

250 - 650 

ketones 

rch 2 8-ch 2 r 

250 - 450 

ethers 

RCH,OCH,R 

500 - 600 


0 


acids 

R<!-OH 

200 - 600 


0 


esters 

r<5-or' 

350 - 615 

hydrocarbons 

rch 2 ch 2 ch 2 r' 

630 - 680 

chlorides & fluorides 

rch 2 x 

200 - 500 

silanes & silicates 

R 4 Si or (R0) 4 si 

580 - 680 

perfluorocarbons 

C n F 2n+2 

800 - 900 

perfluoroethers 

(rf) 2 o 

750 - 850 

perf luoroamines 

(rf) 3 n 

750 - 850 

Aromatic Compounds 



hydrocarbons 

ArH, ArCHj, Ar 2 CH 2 

800 - 1000 

ethers, amines, sulfides 

ArOr, Ar 3 N, Ar 2 S 

850 - 900 

chlorides 

ArCl 

700 - 800 

fluorides 

ArF 

800 - 850 
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Table 3 Definitions of Toxicity 


Toxicity 


LD 50 

Approximate 
lethal oral dose 
for a 70 kg man 

none 

>15 

g/kg 

>1 quart 

slight 

5-15 

g/fcg 

1 quart 

moderate 

0.5-5 

g/kg 

1 pint 

high 

50-500 mg/kg 

1 ounce 

serious 

1-50 

mg /kg 

1 teaspoonful 

dangerous 

<1 

mg/kg 

a taste 


Table 4 Definitions of Fire and 
Explosion Hazard 



Fire and 

Flash point 

explosion hazard 

<100*F 

dangerous 

100-200*P 

moderate 

>200°F 

low 
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* Table 

5 Additional Fire 

Hazard Data 


Fluid 

Flash Point °F 

Fire Point °F 

Autoignition 
Temperature °F 

RC-1 

none 

none 

none 

Fluorlnol 85 

105 

160 


2-methylpyridlne /water 

130 

145 

1060 

toluene 

40 


900 

benzene 

12 

• 

928-1044 

100Z methanol 

54-55 


727-878 

100Z ethylene glycol 

232 


748-752 

kerosene 


100-160 


gasoline 

-50 


536-853 

diesel #2 

100 


494 
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TABLE 6 


Notes 


Steam Rankine Cycle Expander Cycle Calculations (An Example) 


State Point 

T 

P 

V 

h 

1 

250 

29.82 

.017006 

218.59 

2 

- 

1000 


222.95 

3 

545 

1000 

.02159 

542.60 

4 

545 

1000 

.44596 

1192.90 

5 

950 

1000 

.7953 

1477.10 

6' 

250 

29.82 

13.128 

1116.67 

6 

373 

29.82 

16.440 

1224.80 

7 

250 

29.82 

13.819 

1164.00 

T “ Temperature 

, °F 





p * Absolute pressure, psla 
v “ specific volume, c. ft/lb 
h ■ enthalpy, Btu/lb 


V 1 <P 2 “Pl> x 144 

b) h 2 - hi + ~ 778.2 


pump 

h 5 “ hexp < h 5 " *>6') 


c) pump efficiency, n pump * 0.7 
expander efficiency n exp *0.7 
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TABLE 


6 (cont.) 


Sample Calculation 

Steam Rankine Cycle - Steam at 1000 psi 


_ , . (h -h.) - (h -h.) 

Cycle eficiency - 5 6 2 1 

V h 2 

(1477-1255) - (223 - 219) 
“ 1477 


- 0.198 


Energy input - in c p AT of exhaust gas 
- 50 x 0.25 (110-500) 

■ 7500 Btu/min 


Power output “ 7500 x 0.198 

42.5 

- 34.94 hp - 35 H.P. 


Theoretical steam flow rate 


7500 

h 2 -h 


2 


7500 

1477-223 
5.98 lb /min 


-6 lb /min 


TABLE 7 Results of Cycle Analysis for the Different Cases 


Work Ing 

Operat ing 

Fluid 

Pressure 

1. Superheated Steam 

1000 

2. Superheated Steam 

500 

3. Superheated Toluene 

with Regeneration 

500 

4. Superheated Toluene 

without Regeneration 

500 


Cycle 

Efficiency 

Flow Rate 
lb m /min 

Expander 

Power 

H.P. 

19.8 

5.98 

34.9 

19.5 

6.10 

34.4 

18.0 

32.40 

32.1 

13.6 

24.30 

24.1 
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TABLE 8 Heat Exchanger Size Calculation (Exaaple) 


l. 

Liquid inlet temp. °F 

200 

250 

400 

2. 

Steam oultlet temp. °F 

950 

950 

950 

3. 

Exh. gas inlet temp. °F 

1100 

1100 

1100 

4. 

Inlet temp diff. °F 

470 

500 

600 

5. 

Inlet temp dlft. 'F 

o Ta 
4 / U 

nr a 
C.J\J 

OAA 

tuv/ 

6. 

Outlet temp diff. *F 

150 

150 

150 

7. 

*LMTD ®F 

204 

196 

174 

8. 

Heat transfer rate Btu/min 

7876 

7411 

6211 

9. 

Overall heat transfer 





coefficient. Btu/hr-ft^ 




10. 

Heat transfer area, ft^ 

386 

378 

357 

11. 

Surface area ft^ 

Core Volume 

55 

55 

55 

12. 

3 

Heat exchanger core volume 9 ft 

7.02 

6.87 

6.49 


*Long-MEAN temperature difference 
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TABLE 9 Calculation of Expander Displacement 


Specific volume of steam at exapnder outlet - 16.44 c. ft 

lb 


Steam flow rate - 6 lb/min. 

■ 6 x 16. 4A c. f t 

min 

If the engine Is reated at 1900 rpra. 

Steam flow rate ■ 98. 6A c.ft 

1900 rev 


98. 6A c.ft 
rain 


0.0519 c.ft 
rev. 


One exh. stroke/rev. displacement *• 0.0519 c.ft 

stroke 


■ 89.68 c.in 
Vol. 0.9, 


90 c.in 
Displacement 


100 c.in 
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APPENDIX 5 

ADDITIONAL COST FOR INTEGRAL 
BOTTOMING CYCLE ENGINE 
VS. 

L10 TURBOCHARGED AFTERCOOLED ENGINE 


preceding page blank not files* 


m u liy W HBHMlW.tr BLANK 
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OATE:DECENBER 17, 1986 
PAGE 1 or 2 


ADDITIONAL COST FOft INTEGRAL BOTTOMING CYCLE ENGINE 
VS L 10 TURBOCHARGED AFTERCOOLED ENGINE 


PRESENT L 10 TURBOCHARGED AFTERCOOLED ENG. 


ORIGINAL PAGE IS 
OF POOR QUALITY 

PROPOSED BOTTOMING CYCLE ENGINE 



PAGE 2 OF 2 

PRESENT 

l 10 TURBOCHARGED AFTERCOOLEO ENG. 


PROPOSED BOTTOMING CYCLE ENGINE 


i I 

(LABOR 6 

(TOTAL | 

i 

I I 

(LABOR B 

I TOTAL ( 


|OTY.|MTE«IAl |N.C. 

(MATERIAL | 

i 

|0TY. (MATERIAL (N.E. 

(MATERIAL | 


(REOO(CO$T (OOLLARS 

(t LABOR ( 

i 

jREOO (COST | DOLLARS 

\t LABOR | 

| description 

|ENQ. |CNGtNC IEMGIMC 

(ENGINE | 

(DESCRIPTION 

(ENG. (ENGINE (ENGINE 

(engine | 




■mnunna | 

i 1 


*» 


1 1 
1 1 

I 

1 

I 1 

1 1 

l 1 

1 

(TUBE, OIL RETURN 
| 

1 i 

1 1 1 

1 

85.000 ( 
1 

1 1 

| 85.000 | 

1 i 

(PISTON COOLING NOZZLE 

1 1 

1 6 | 
i i 

1 

89.300 | 

l 

1 1 

| 89.300 | 

1 1 

1 

IPISTON COOLING NOZZLE 
1 

1 1 

1 5 ( 

i i 

89.300 | 

i 

1 1 

| 89.300 ( 

1 i 


i i 

i i 

i I 

1 

1 

1 

1 1 

i i 

I l 

1 

(OIL COOLER CONNECTION 
1 

1 1 

1 1 1 
i i 

1 

85.500 ( 
1 

1 1 
| 85.500 | 


i i 

i i 

i I 

1 

1 

1 

1 1 

1 1 

i l 

1 

(GASKET, INJECTOR TIP 
1 

I 1 

1 * 1 
i i 

1 

82.400 | 

i 

I 1 

( 82.400 | 


1 1 

1 1 

I i 

1 

1 

1 

1 1 
1 1 

1 

(GASKET, INLET PLENUM 
1 

1 1 

1 1 1 
1 i 

1 

815.000 | 

( 1 
| 815.000 | 

(ROD, PISTON 

1 1 
1 6 | 

1 

871.388 | 8132.492 
1 

1 i 

| 8203.880 | 

i i 

1 

(ROD, PISTON 
1 

1 * 1 
t i 

8212.880 ( 
i 

1 1 

| 8212.880 | 
i I 

(STUDS, MAIN BEARING CAP 

1 1 

1 1 

i | 

1 

812.432 | 
1 

1 1 

| 812.432 | 

i 1 

1 

(STUDS, MAIN BEARING CAP 

i . . 

( 1 

1 u 1 
i j 

1 

870.000 | 

i 

! 1 

( 870.000 | 

i i 


1 1 

i i 

t | 

1 

i 

1 

1 1 

I i 

l l 

1 

(CONDENSER 

I 

1 1 

1 1 1 
i i 

1 

8407.000 | 

1 1 

| 8407.000 ( 

i 1 


l 1 

i i 

I | 

1 

i 

1 

1 1 

i i 

i 1 

1 

(VALVE RELIEF 
1 

1 1 

1 1 1 
i i 

1 

825.000 | 

i 

1 1 

| 825.000 | 

i I 


1 1 

i i 

t i 

1 

i 

| 

1 1 

i i 

1 

| OVERFLOW t MAKEUP TANK 
1 

1 1 

1 1 1 
i i 

1 

85.000 ( 

i 

1 1 
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